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Referat: 
Die mechanischen Eigenschaften von Zellen charakterisieren und beeinflussen deren 
Zustand. Die vorliegende Arbeit zielt auf ein besseres Verständnis der 
biomechanischen Eigenschaften von Zellen ab. Der Fokus lag dabei auf der 
Biegesteifigkeit von Zellmembranen und der Deformierbarkeit der Zellen. Es werden 
drei Studien vorgestellt in der diese Materialparameter untersucht wurden.  
Die erste Studie befasst sich mit der Temperaturabhängigkeit der mechanischen 
Eigenschaften. Hierbei wurden acht verschieden Zelllienien bei jeweils fünf 
Temperaturen rheologisch vermessen. Zur Messung wurde der sog. "optical 
stretcher" verwendet der gleichzeitig die Zellen deformieren und aufheizen kann. Die 
Versuche zeigen, dass eine Zeit-Temperatur superposition dabei nicht für alle 
Zelltypen funktioniert.  
In der zweiten Studie wurden die Membransteifigkeit von Gewebeproben von Brust- 
und Gebärmutterhalskrebspatienten untersucht. Als Kontrollsystem wurde gutartiges 
Gewebe aus dem Umfeld des Tumors verwendet. Es konnte gezeigt werden, dass die 
Zellmembranen von Tumorzellen weicher waren als von gesundem 
Vergleichsgewebe. Die Änderung der Membrankomposition wurde dabei als 
mögliche Ursache massenspektroskopisch Untersucht und verschieden Ursachen der 
weichen Membrane diskutiert.  
Für die dritte Studie wurde der chemische Wirkstoff Soraphen A eingesetzt um die 
Membransteifigkeit von zwei Zelllienien zu erhöhen. Dies zeigte eine Verringerung 
von Zellbeweglichkeit und Invasivität. 
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1 INTRODUCTION 
Where there are no men, there cannot be motives 
accessible to men. 
Stanisław Lem, “Solaris”, 1961 
Currently over 100 types of cancer are categorized in medical research. Conventional 
treatment patterns of mammary carcinoma include: 
 Local: tumor resection, including a tumor margin depending on cancer type; 
potentially followed by radiation treatment 
 Systemic: chemotherapy, hormonal therapy, biological therapy 
The majority of chemotherapy treatments targets rapidly proliferating cells. 
Anticancer treatments have a narrow therapeutic range due to the difficulty in 
specifically targeting cancerous tissue. This leads to bone marrow death as well as 
other side effects and decreased efficacy in identification and elimination of the 
tumor. Ineffectual elimination of cancerous tissue opens the possibility for a small 
percentage of more aggressive cell types within the tumor to continue to proliferate, 
creating recurrent cancers that are resistant to previously used treatments. 
For this work, I used mechanical qualities of the cells, membrane rigidity and whole 
cell elasticity, as an abstract layer to categorize different cell types. These parameters 
are a new way to differentiate malignant cells from normal ones and indicate possible 
targets for reversing the malignant phenotype. While cancer therapy is the motivation 
1 Introduction 
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of this work, it has to be stated that the presented results are on a fundamental 
biophysics level and further research is needed for medical applications. 
Biomechanical qualities of cells are key to many cellular processes including 
movement, differentiation, and cell division (Discher et al., 2005; Kasza et al., 2007). 
Cell migration and invasion play a major role in metastasis (Hanahan and Weinberg, 
2011), see Figure 1.1. 
 
Figure 1.1: Metastasis formation. To spread to different tissue, malignant cells 
have to traverse the tumor boundary and enter the extracellular matrix 
consisting of connective tissue. Once they have the ability to cross the 
basement membrane they can migrate into blood or lymph vessels. Possible 
outcomes are secondary tumors on the endothelial cell wall of the vessel or 
invasion into new tissue from the vessel via transendothelial migration. Image 
from (Mierke, 2013). 
1.1 Quantifying Cancer Invasiveness 
Tumor progression concurs with biomechanical changes (Fritsch et al., 2010; Guck 
et al., 2005). Recent studies show that certain cancer cells are softer than in the 
original tissue (Lekka et al., 1999; Plodinec et al., 2012) and further softening may 
be necessary for metastasis (Guck et al., 2005; Huber et al., 2013). The increase of 
  1.1 Quantifying Cancer Invasiveness 
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contractile and adhesive forces are closely related to these remodeling and softening 
processes of the cytoskeleton. This enables the cells to move more forcefully through 
the extracellular matrix and increases the likelihood of breaking through the 
endothelial barrier (Mierke et al., 2008). 
 
Figure 1.2: Mechanical biomarkers in medicine. a) Deformability of peripheral 
blood mononuclear cells in flow cytometry of patient diagnosed (top) negative 
for  carcinoma, (middle) negative but with chronical inflammation, and 
(bottom) positive for carcinoma (Gossett et al., 2012). b) Boxplots of 
maximum deformation in optical stretcher for mammary cancer (Wetzel et al., 
2013). c) Stiffness distribution of AFM force maps of a mammary biopsy 
(Plodinec et al., 2012). Distributions are generally wider for more aggressive 
tumor types. 
The first clinical trials using mechanical features show promising results as a 
diagnostic tool to characterize the differentiation state (Gossett et al., 2012; Plodinec 
et al., 2012; Wetzel et al., 2013), see Figure 1.2. These tools are a new approach for 
cancer diagnosis and the creation of a detailed signature of biomechanical behavior. 
1 Introduction 
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The invasive potential of malignant cells depends on mechanical qualities such as 
membrane rigidity. In this thesis I want to show the specific role of membrane 
rigidity for migration and invasion. The rigidity of the plasma membrane, with the 
exception of red blood cells, has not been studied. Membrane rigidity values 
currently exist only for artificial vesicles composed of a few synthetic lipids. 
In this thesis, thermal fluctuations of giant plasma membrane vesicles (GPMVs) 
directly derived from cell membranes will be investigated and quantified as 
membrane rigidity. The extraction to GPMVs is necessary to avoid the contribution 
of the cytoskeleton. The lipid composition of the cells was analyzed using mass 
spectrometry to correlate the changes to the measured rigidity. 
Two approaches were employed to study the influence of membrane rigidity: the first 
investigated the changes of primary breast and cervical cells, as well as breast cell 
lines, which showed the measured malignant cell membranes were significantly 
softer than their non-malignant counterparts. The second study used Soraphen A, a 
chemical compound known to inhibit the Acetyl-CoA Carboxylase and in turn 
modulate the lipidome. This drug partially reversed the seen effects of tumor 
progression in cancer cell lines, principally with an increase in membrane rigidity. 
Migration and invasion decreased after treatment which is consistent with the data 
from the primary samples. 
A feature of Soraphen A is the lack of toxicity shown by cell death assays for the 
employed concentrations. A lot of commonly employed drugs that change cell 
mechanics, such as blebbistatin, cytochalasins, or latrunculins, have a significant 
impact on cell vitality and proliferation (Braet et al., 1996; Jones et al., 2009; Képiró 
et al., 2014; Mikulich et al., 2012). Most chemotherapeutic agents are based on their 
cytotoxicity and they are directed at faster dividing cells. Changing the motility of 
cells is a new approach where no cytotoxic agent is required.  
In general, quantitative measurements of material properties of the cells were used to 
determine malignancy in cells. This also avoids the complexity of signaling 
pathways, which may be used to explain the induced changes, but are not necessary 
for classification. 
  1.2 Thermorheology 
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1.2 Thermorheology 
Another new way to study and change the mechanical properties of cells is via 
temperature modulation. Temperature has a reliable and nearly instantaneous 
influence on the mechanical response of cells. Kießling et. al recently published a 
study on time-temperature superposition (TTS) for creep response curves of MCF-
10A cells in the optical stretcher (Kießling et al., 2013). 
Here, I investigated the possibility of thermorheology as a diagnostic tool. A panel of 
eight common cell types was measured in physiologically relevant temperatures and 
TTS was applied to their creep compliance curves. 
The creep compliance curves are determined by the cytoskeleton, a complex and 
dynamic polymer structure. The cytoskeleton is responsible for the shape and 
mechanical stability of the cell and it is able to adapt to the mechanics of the cellular 
environment. Common approaches for investigating the cytoskeleton are induced 
changes via cytoskeletal drugs (Rotsch and Radmacher, 2000) or genetic 
modifications (Alenghat et al., 2000). In this thesis, temperature is used in 
combination with the optical stretcher to investigate the cell mechanics. 
Our results showed that time-temperature superposition is not a universal feature 
found in all cell types. I categorized the cell types into three categories depending on 
the necessary steps to achieve superposition. Thermorheology cannot be used as a 
simple diagnostic tool since different cell types have different creep compliance 
behavior. This resulted in an inability to use material parameters, such as activation 
energy, to differentiate between cell types within the presented theory. These 
findings suggest that temperature is an important parameter for comparing cell 
rheological data and should be precisely controlled when designing experiments. 
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2 THEORY AND 
BACKGROUND 
2.1 Cell Membrane 
The cell membrane is a biological membrane of lipids that separates the interior of 
the cell from the exterior environment. It is composed of a phospholipid bilayer with 
a thickness of 5 - 10 nm. Membrane proteins are embedded in this bilayer allowing 
for specific cellular functions such transport or signaling, see Figure 2.1. 
 
Figure 2.1: Schematic of a cell membrane. The phospholipid bilayer is the 
main structure with the hydrophilic heads pointing outwards. Embedded are 
peripheral, integral, and surface proteins. Filaments indicate the connection to 
the cell cortex (Ruiz, 2015). 
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Phospholipids are the most common lipids in the cell membrane. They are 
amphiphilic with a hydrophilic, polar head and a hydrophobic, nonpolar tail. 
The fluid mosaic model approximates cell membranes as two-dimensional liquids 
(Singer and Nicolson, 1972). It is possible to explain many phenomena via the lateral 
diffusion of proteins (“mosaic”) in the viscous phospholipid bilayer (“fluid”), see 
Figure 2.1. This highly dynamic structure regulates communication and transport 
between the cell and its environment. 
The fluidity (or viscosity) of the membrane is partially determined by the length and 
saturation of the incorporated fatty acids (Jain, 1989). Lipids with longer chain 
lengths are stiffer since they have more van der Waals interactions with neighboring 
hydrophobic chains. The number of double bonds also influences the fluidity. 
Saturated lipid chains are stiffer than lipid chains with double bonds. The unsaturated 
double bonds prevent a denser packing on a molecular level, since they essentially 
put kinks into a straight hydrocarbon chain. 
New research shows that diffusion of proteins is far more complex, especially shown 
by the existence of rafts within the bilayer (Simons and Ikonen, 1997), leading to a 
updates of the fluid mosaic model with emphasis on clustered membrane protein 
patterns. This addresses the main point not included in the fluid mosaic model 
(Vereb et al., 2003): 
 Nonrandom distribution of receptors 
 Quasipermanent contact point to the cytoskeleton 
 Lipid domains with the ability to change protein distribution 
 Integral proteins as important structural elements 
The cell membrane is involved in every extracellular signaling process. Signals, such 
as ions, hormones, enzymes, or growth factors are transferred or filtered by it 
(Nicolson, 2015). Current studies assume that initiation of metastasis is enabled by 
epithelial-mesenchymal transition (EMT) (Hanahan and Weinberg, 2011; Kalluri and 
Weinberg, 2009; Thiery et al., 2009), see Figure 2.2. It is estimated that 10% - 40% 
of carcinomas pass through an EMT (Thiery, 2002). During this transition, the cells 
lose cell-cell adhesion mediated by E-cadherin down regulation in the membrane 
  2.1 Cell Membrane 
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(Schmalhofer et al., 2009) and may gain the ability to break through the basement 
membrane (Chaffer and Weinberg, 2011). 
 
Figure 2.2: Phenotype changes during metastasis. Epithelial-mesenchymal 
transition (EMT) enables cells to enter the blood vessels and reach new tissue 
compartments. The reverse mesenchymal-epithelial transition (MET) allows 
cells to form new tumor sites. Complex communication between the 
surrounding extracellular matrix and fibroblasts through the cell membrane 
occur throughout the process. Image from (Yao et al., 2011). 
The biomechanical changes of the cytoskeleton (Fritsch et al., 2010; Mouw et al., 
2014; Weinberg, 2006) have already become a focus of the physics of cancer, i.e. the 
quantification of malignant transformations with physical properties. In contrast, 
membrane rigidity research was mostly restricted to pure single component vesicles 
and red blood cells (Duwe et al., 1990; Paulitschke and Nash, 1993), because the 
cytoskeleton and its connections to the membrane dominate all membrane rigidity 
measurements (Maniotis et al., 1997; Sechi and Wehland, 2000). 
Newer models for cell adhesion are incorporating membrane fluctuations as a 
thermal roughness (Różycki et al., 2010; Sackmann and Smith, 2014). The binding 
of receptors and ligands is partially determined by membrane shape fluctuations. 
These relevant shape deformations are usually on a lateral length scale of 100 nm, 
which is determined by the already bound receptor-ligand complexes and their 
concentration (Różycki et al., 2010). At these length scales, the bending rigidity 𝜅 
2 Theory and Background 
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dominates over tension 𝜎 (Lipowsky and Sackmann, 1995) and it was shown that 
bending excitations regulate contact formations of cell adhesion molecule (CAM) - 
CAM pairs (Fenz et al., 2011). 
Former studies have shown differences in lipid composition between malignant and 
healthy cells (Barceló-Coblijn et al., 2011). It is also known that the ratios of 
phospholipids partially regulate the membrane fluidity which is dependent on 
rigidity. It is argued that the metastatic potential of cells is dependent on membrane 
rigidity and cellular deformability (Kojima, 1993). 
2.1.1 Bending Rigidity Measurements on Membranes 
There are three main experimental approaches to measure bending rigidity of plasma 
membranes (Dimova, 2014): 
 Analysis of thermal fluctuations 
 Analysis of applied deformations 
 Scattering techniques 
 
Figure 2.3: Bending rigidity measurement techniques. a) shows micropipette 
aspiration as an overlay of a phase contrast image with a fluorescent labeled 
confocal image of the membrane (false red color, ∼17 µm diameter). b) shows 
phase contrast images of a fluctuating vesicle (∼25 µm diameter) with the 
detected contour marked in red. c) shows a the shape deformation of a vesicle 
in an electric field with 2, 10 and 20 kV/m (left to right) and 300 kHz (scale bar 
25 µm). Images from (Dimova, 2014). 
The analysis of thermal fluctuations was first used on erythrocytes (Brochard and 
Lennon, 1975), measuring the flicker intensities at two points from the cell surface. 
Later the shape fluctuations of bilayers and vesicles were investigated for the energy 
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stored in the curvature (Engelhardt et al., 1985; Helfrich, 1986; Schneider et al., 
1984; Servuss et al., 1976). Besides video flicker spectroscopy, an optical tweezer 
setup can be employed together with a quadrant photodiode to scan the fluctuations 
(Betz and Sykes, 2012), which allows the detection of smaller amplitudes and higher 
frequencies than would be possible with a camera. 
For the analysis of applied deformations, several diverse tools are employed to bend 
the membrane. The most common method is micropipette aspiration (Evans et al., 
1976; Evans, 1983; Evans and Needham, 1987) where the deformation is based on 
the pressurization by micropipette suction. Other methods include deformation via 
electrical fields (Kummrow and Helfrich, 1991), fluid drag (Rossier et al., 2003), or a 
bead attached to the membrane (Cuvelier et al., 2005). 
Scattering techniques include X-ray scattering on fully hydrated and highly oriented 
bilayer stacks (Liu and Nagle, 2004) and X-ray reflectivity and nonspecular 
scattering on floating bilayers (Daillant et al., 2005). 
2.2 Cytoskeleton 
The cytoskeleton is the supporting inner scaffolding of the cell. It is composed of 
actin filaments, intermediate filaments, and microtubules. Cell shape and mechanics 
are dependent on these polymers and their interaction. The cytoskeleton and its 
physical and biochemical interactions are part of many cellular processes, such as 
migration or cell division (Figure 2.4). 
 
Figure 2.4: Different stages of cell mitosis of a C. elegans embryo. a) 
Centration , b) metaphase and c) anaphase is shown. Cortical pS737-LIN-5 
(red) immunostained the cell cortex, nuclear envelope, spindle microtubules 
and cytoplasm. α-tubulin is stained green. Image modified from (Galli et al., 
2011). 
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Actin is the one of the most abundant proteins in eukaryotic cells, see Figure 2.5a. It 
ranges from 1% - 10% by weight of total cell protein (Lodish et al., 2000). Actin 
filaments have a diameter of 5 - 9 nm (Alberts et al., 2002). 
The persistence length 𝑙p is used to quantify the stiffness of filaments with contour 
length 𝑙 and it is defined as the length scale over which correlations along the tangent 
direction are lost. Actin filaments are characterized as semi-flexible (lp ≈ l) with a 
persistence length 𝑙p of approximately 9 µm (Greenberg et al., 2008; Isambert et al., 
1995). Actin filaments are concentrated close to the plasma membrane in the cell 
cortex a polymer network. They can also form stress fibers in adherent cells, which 
are contractile actin bundles with myosin motors. These stress fibers play a role in 
the generation of force needed for cell adhesion and migration (Fuhs et al., 2014). 
Microtubules (MTs) are rigid polymer rods (𝑙p ≫ 𝑙) with approximately 25 nm in 
diameter, see Figure 2.5b. They are associated with functions such as intracellular 
transport or mitosis, see Figure 2.4. Their role during mitosis make them a target for 
chemotherapy drugs, since increased transcription is common in malignant cells. 
Their persistence length is currently debated and ranges between 0.01 µm to 1 mm 
depending on their length (Huber et al., 2013). 
 
Figure 2.5: The cytoskeleton consisting of actin filaments, microtubules, and 
intermediate filaments. Image from (Lodish, 2008) 
Intermediate filaments (IFs) are a collective term for cytoskeletal proteins found in 
animal cells, for example keratins in epithelial cells or vimentin in fibroblasts. 
Common features of this heterogeneous group are a diameter of approximately 
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10 nm and characterization as flexible (𝑙p ≈ 1 µm, 𝑙p < 𝑙) (Lodish, 2008; Mücke et 
al., 2004). Each class of proteins has characteristic morphology and composition 
(Traub, 2012). The main types of IFs known in vertebrate cells are (Alberts et al., 
2014): 
 Keratins (IF type I and II) found in epithelial cells, nails and hair 
 IF type III, includes desmin, glial fibrillary acidic protein, peripherin, and 
vimentin 
 IF type IV, includes neurofilaments found in neurons 
 Nuclear lamins (IF type V), fibrous proteins in the cell’s nucleus 
The functions of all the members in the superfamily of IFs are not yet well 
understood. The IF keratin has been found to significantly contribute to cell stiffness 
in keratinocytes (Seltmann et al., 2013). Genetic evidence supports that IFs are key 
to the cytoskeletal architecture (Fuchs and Cleveland, 1998). They also have specific 
functions besides cell structure: neurofilaments, for instance, change the conduction 
velocity in axons (Sakaguchi et al., 1993). 
The above introduced polymers are the major building blocks of the cytoskeleton. 
They are in, conjunction with cross-linking and motor proteins, responsible for cell 
motility and structure. This is, of course, an oversimplification from a biological 
perspective. For example, the nucleus can play a role in rheological measurements 
due to its size and stiffness when compared to the rest of the cell (Warmt et al., 2014) 
and would be a major deviation from the standard homogenous cytoskeleton models. 
Other components, such as Golgi vesicles, ribosomes, and mitochondria, are 
currently not included in this simplified rheology view. 
2.2.1  Cell Rheology 
Cell rheology studies the deformation of cells under applied stresses. To integrate the 
models from material science into biophysics, it is necessary to understand the 
relevant mechanics in active biological matter. Cell rheology is closely related to the 
interaction of the cell with its environment and therefore with cell migration. It is 
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also necessary to understand the scaffolding of the cell to determine the forces 
generated by the cell. 
Rheology methods can be categorized as either passive or active. Passive methods 
observe generated forces by cell and motion of thermal fluctuations, for instance 
fluorescents beads attached to the cytoskeleton. Active rheology observes the 
response to externally applied stress.  
Figure 2.6 illustrates several rheology methods. Except for the optical stretcher, they 
all work with attached cells. Each one has different advantages and limitations with 
regard to the range of forces, throughput, or spatial resolution (Kollmannsberger and 
Fabry, 2011). Of the shown methods, only magnetic probes, particle tracking 
microrheology, and the optical stretcher have a good measurement throughput 
(> 30 cells h-1). Time scales are important for active methods because active 
remodeling of the cytoskeleton prevents simple, comparable measurements between 
different methods (Mofrad, 2009). 
 
Figure 2.6: Overview of common cell rheology methods. Image from (Bhat et 
al., 2012) 
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The optical stretcher, which was chosen cell for deformation measurements in this 
study, has the advantage of performing whole cell deformations without physical 
contact. The suspended cell are well defined objects which allow comparisons 
between creep experiments without incorporating the microenvironment (magnetic 
probes) or adhesion. This in conjunction with the high throughput makes it an 
adequate rheology tool for my experiments. The main disadvantage of the optical 
stretcher – simultaneous heating of the cells – was used as a feature to study the 
temperature dependency of whole cell deformations on short time scales (~2 s). 
2.2.2 Basics Concepts of Active Linear Rheology 
Cell are often described as a viscoelastic material, i.e. they have both viscous and 
elastic material properties. The extent of the deformation and the resulting stress of 
the cell is primarily determined by the applied force and the mechanical properties of 
the cell. This has been observed in both static and dynamic experiments. Here, I will 
focus on step stress experiments and the introduction of creep compliance, which 
will be later used to describe the optical stretcher experiments. 
 
Figure 2.7: Flow behavior of biopolymer networks. Shown are actin, tubulin, 
vimentin, and fibrin with a concentration of 2 mg/ml. a) Stress/strain relation 
measured 30s after shear stress imposition. b) Creep and recovery for constant 
shear stress. Figures from (Janmey et al., 1991). 
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with the deformation in direction of the applied load 𝛥𝑙 and the original length of the 
material  𝑙. The functional relation of strain to the applied stress 𝜎 in one dimension 
is for a Hookean solid (with 𝐸 as the elastic modulus): 
 E   . (2.2) 





   . (2.3) 
Equation (2.2) for an elastic material can be stated using compliance J: 
 J   , (2.4) 
with the relation 𝐽 = 1/𝐸. 
 
Figure 2.8: Stress and strain over time for a step stress. Modified from (Lakes, 
2014) 
Cells deviate from elastic solids by exhibiting viscous behavior, i.e. their stress-strain 
relation is time dependent. The behavior for the key biopolymer networks is shown 
in Figure 2.7. 
Creep is the time and temperature dependent plastic deformation under constant load. 
For a stress 𝜎 starting at time zero using the Heaviside step function H(t), 
 0( ) H( )t t   , (2.5) 
we get an increasing strain over time for a viscoelastic material, see Figure 2.8. The 
creep compliance 𝐽(𝑡) can then be defined as follows: 
  2.3 Microfluidic Optical Stretcher 









  . (2.6) 
2.3 Microfluidic Optical Stretcher 
The microfluidic optical stretcher (µOS) is a dual beam fiber laser trap. It is a refined 
setup from the original optical stretcher (Guck et al., 2000, 2001) and uses a 
microfluidic system to serially trap cells in a capillary tube in the focus of a 
microscope (Lincoln et al., 2007). The microfluidic pump is automated with 
LabVIEW (National Instruments, USA) based software and controlled via the 
feedback of the camera which allows for automated measurements. 
The µOS traps and centers cells via gradient and scattering forces, as shown in 
Figure 2.9a. The scattering forces act in the direction of the beam and the gradient 
force acts in the direction of the beam profile gradient. The net force on a centered 
cell between two laser beams is zero, but the momentum transfer at the surface 
results in a stress profile as seen in Figure 2.11. These “stretching” forces can be 
explained with a basic case: a dielectric cube and a single ray (Figure 2.9b) (Guck et 
al., 2001). The momentum of the incident ray is given by 
 incident ray medium 0/p E n c    (2.7) 
where 𝐸𝑟𝑎𝑦 is the Energy of the ray, 𝑛𝑚𝑒𝑑𝑖𝑢𝑚 the refractive index of the medium, and 
𝑐0 the speed of light in vacuum. At the interface between the medium and the cube, a 
fraction 𝑅 of the rays get reflected. Using conservation of momentum, the difference 
between incident, transmitted, and reflected ray is transferred to the surface: 
 incident reflected transmittedp p p p      (2.8) 
 with  
 transmitted ray cube 0(1 ) /p R E n c     (2.9) 
and 
 reflected ray medium 0/p R E n c    . (2.10) 
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Using Newton’s second law, the forces experienced by the front and back of the cube 
are: 
 front medium cube medium 0[ (1 ) ] /F n R n Rn P c     (2.11) 
and 
 back cube medium cube 0[ (1 ) ](1 R) /F n R n R n P c      , (2.12) 
where 𝑃 is the total light Power.  
 
Figure 2.9: Forces on the cell. a) Gradient and scattering forces by the gaussian 
beam profile of a laser fiber. b) Simple model of momentum transfer for a 
dielelectric cube, adapted from (Guck et al., 2001). 
Possible values for cells in medium are: 𝑛𝑚𝑒𝑑𝑖𝑢𝑚 = 1.33 , 𝑛𝑐𝑢𝑏𝑒 = 1.45 , 𝑃 =
500 mW , and 𝑅 ≈ 0.2%  via Fresnel’s equation. This gives 𝐹𝑓𝑟𝑜𝑛𝑡 ≈ 190 pN , 
𝐹𝑏𝑎𝑐𝑘 ≈ 210 pN, and a total displacing force of 𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑏𝑎𝑐𝑘 − 𝐹𝑓𝑟𝑜𝑛𝑡 ≈ 20pN . 
𝐹𝑡𝑜𝑡𝑎𝑙 is essentially the scattering Force in direction of the beam. The surface of the 
cube is stretched with (𝐹𝑏𝑎𝑐𝑘 + 𝐹𝑓𝑟𝑜𝑛𝑡)/2 ≈ 200 pN. 
 
Figure 2.10: Optical Stretcher setup. a) Top down schematic of µOS. Cells are 
delivered to the trapping position and trapped by light forces. b) View of a µOS 
through microscope. c) Human mammary cell trapped by a µOS. 
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In the optical stretcher, there is a beam with equal power 𝑃 coming from the opposite 
direction doubling the stretching forces and resulting in no displacing force in the 
center of the two opposing laser fibers (Figure 2.10). The latter is the main necessity 
for the second laser. 
A rigorous comparison of geometrical optics and Lorenz-Mie theory for the surface 
stresses of cells sized objects in the optical stretcher can be found in (Boyde et al., 
2012). Both theories show a relatively small discrepancy (Figure 2.11: Normalized 
surface stresses). 
 
Figure 2.11: Normalized surface stresses of cell like objects in the optical 
stretcher for a sphere a) and a prolate spheroid d). Stresses are given for 
geometrical optics and Lorenz-Mie Theory. The laser wavelength is 1064 nm 
and the distance between the fibers is 100 nm. Image taken from (Boyde et al., 
2012). 
Due to the complexity of the cytoskeleton, there is no consensus model for cell 
rheology experiments (Mofrad, 2009). Here, I will shortly introduce a simple model 
that can be used to describe optical stretcher single cell measurements, the Kelvin-
Voigt model. 
The Kelvin-Voigt model is a parallel composition of an elastic spring and viscous 
dashpot, see Figure 2.12. The strains of the single components are therefore equal to 
the total strain: 
 total Spring Dashpot     . (2.13) 
The total stress is given by the sum of the stress of the individual components: 
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 total Spring Dashpot     . (2.14) 
This results in the following equation for the rate of change over time: 
 
( )





     . (2.15) 
For an applied constant stress 𝜎0 the creep response can be calculated using equation 
(2.6) and equation (2.15): 
 
1
( ) (1 )tJ t e
E
   , (2.16) 
with 𝜆 = 𝐸/𝜂 as the rate of relaxation. If the constant stress is stopped at 𝑡1, the 
recovery is given by: 
 1
( )
1 1( ) ( )
t tJ t t t e       (2.17) 
 
Figure 2.12: Kelvin-Voigt model. a) Representation as a parallel connected 
spring and dashpot. b) A constant applied step stress 𝜎0 results in a c) creep 
compliance curve. 
A recent multi parameter analysis shows that the median creep deformation 𝐽(𝑡) at 
the end of the applied step stress is among the best parameters to differentiate 
between normal and malignant cervical cancer cells (Fritsch, 2014). I have chosen 
this representation in this thesis since it is model independent and it is easier to 
compare to other optical stretcher measurements. 
2.4 Temperature Effect in the Optical Stretcher 
Temperature is known to have an impact on the mechanical parameters of 
viscoelastic materials. Without more information on the temperature dependence of 
the cell’s cytoskeletal components and its regulating processes, we are limited in 
comparing results and drawing deductions from cell rheological experiments. 
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Therefore, a cell rheology tool is necessary that can measure over a range of 
temperatures. In 2013, time-temperature superposition (TTS) was applied to creep 
compliance curves to create a master curve for MCF-10A cells (Kießling et al., 
2013). Considering that cells have a heterogeneous structure from different 
polymers, it was surprising that the deformation curves were matched by this model. 
Here, I will shortly introduce the details of the temperature increase that accompanies 
the optical stretching. 
Laser induced heating from absorption is an inherent part of optical traps and it has 
been discussed early on for biological matter (Ashkin et al., 1987). An advantage of 
the optical stretcher is the non-focused beam in contrast to most single beam optical 
tweezers. This avoids local heating of strongly focused laser beams (Peterman et al., 
2003), which is about 400 times greater than in the optical stretcher (Guck et al., 
2000). The spatial temperature distribution of the optical stretcher is known using 
temperature sensitive dyes (Ebert et al., 2007), see Figure 2.13. 
 
Figure 2.13: Spatial temperature distribution for 1064 nm laser. a) Distribution 
in the imaging plane in the center of the trap for a laser power of 1 W measured 
at T = 21 °C. The temperature was measured with the fluorescence ratio of 
Rhodamine B and Rhodamine 110. b) Line profile along the dashed line in a). 
Images from (Ebert et al., 2007) 
Theoretical models of these temperature distributions show a linear increase with 
laser power, see Figure 2.14. In the center of the trap, a temperature rise of 
(13 ± 2) °C/W was found (Ebert et al., 2007). 
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Figure 2.14: Simulation and fit of temperature distribution. a) Theoretical 
distribution in and around the capillary for λ = 1064 nm and 1 W laser power. 
b) Fit of temperature over total laser power. Images from (Ebert et al., 2007) 
To reduce optical heating effects on biological tissue, near infrared lasers are often 
used. A Nd:YAG laser for example with a wavelength of λ = 1064 nm has a 
relatively low absorption rate (Stevenson et al., 2006). The heating effect by the laser 
is nearly instantaneous (Wetzel et al., 2011) as seen in Figure 2.15. 
 
Figure 2.15 Temporal resolution of laser induced heating. Temperature shown 
for a step stress pattern of 1 W per laser fiber. Temperature rises within 
milliseconds and reaches an equilibrium value of 23 ± 2 K. Image from 
(Wetzel et al., 2011). 
The heating effect in the optical stretcher can be used deliberately. A heat shock 
viability study, for example, indicates that 60% of cells survived up to 58 °C for 0.5 s 
(Wetzel et al., 2011). Temperature sensitive ion channels can be triggered (Chan et 
al., 2014; Gyger et al., 2011) and thermal instabilities of cell nuclei can be observed 
(Warmt et al., 2014).  
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3 METHODS AND 
MATERIALS 
If you try and take a cat apart to see how it works, 
the first thing you have on your hands is a 
nonworking cat. 
Douglas Adams, “The Salmon of Doubt”, 2002 
3.1 Cell Culture 
A major challenge of cell biology is the preservation of cellular functions in 2D cell 
cultures. Cells adapt for example in morphology, cytoskeletal structure, and 
migration behavior to their environment. This is a limiting factor for all conclusions 
from these experiments. 
The cells used for the experiments can be divided into two categories: primary cells 
and cells lines. Primary cells are taken directly from organisms prior to the 
experiment. They are functionally closer to the in vivo state than cell lines, but can 
only be kept in culture for a limited time and their characteristics change with every 
passage. 
Cell lines are immortalized cells that proliferate indefinitely – for instance HeLa cells 
were isolated in 1951 and are still used in cell culture (Rahbari et al., 2009). Stable 
cell lines are commonly used as a model for particular cell types. 
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3.1.1 Primary Cells 
For this work, mammary and cervical tissue samples were kindly provided by Prof. 
Dr. Dr. M. Höckel, Prof. Dr. Dr. L.-C. Horn, and Dr. S. Briest in cooperation with 
the Leipzig University hospital. The study was approved by the ethics committee of 
the medical department of the Leipzig University and all patients signed a consent 
form prior to surgery. 
The tissue was obtained from tumor surgery after classification by the pathology 
department. The samples were graded and divided in healthy and tumor tissue. They 
were usually about 0.5 cm³ in volume and the transport is done in phosphate-buffered 
saline (PBS) with 1% Penicillin/Streptomycin/Amphotericin B (Cat.No.P11-002, 
PAA). Tissue was kept at 4-8 °C prior to preparation. 
The cell count from these samples is very limited in comparison to cell lines because 
the primary cells become senescent after a few divisions, which is called the 
Hayflick limit (Hayflick, 1965). Each patient sample has specific characteristics 
according to the donor’s condition, e.g. age, nutrition, genetic background, or 
medication. The biomechanical behavior of fibroblasts, for instance, is subject to the 
age of the donor, as they become stiffer with age (Schulze et al., 2010). This is an 
important distinction when comparing results of primary cells. In this thesis, 
comparisons will be drawn only between healthy and malignant tissue from the same 
patient, which circumvents this problem. The primary cells were not passaged after 
the initial culture to avoid a loss of characteristics from longer culture and high 
passage numbers. 
Tissue Dissociation 
In order to dissociate the tissue, it was cut into small pieces of about 1 mm² and put 
in tubes (C tubes, Miltenyi Biotec) for the gentleMACS Dissociator (Miltenyi 
Biotec), a tool for standardized tissue processing. Enzymes and cell medium 
depending on tissue type were added, see appendix 6.1. The tissue was then several 
times mixed in the gentleMACS followed by incubation at 37°C for 30 min. This 
digests the extracellular matrix of the tissue and provides a cell suspension 
containing single cells and clusters. The cell suspension was centrifuged in two steps, 
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40 g for 1 min and 300 g for 10 min. This separates the epithelial cells from clusters, 
debris, and other cell types such as fibroblasts (Pfragner and Freshney, 2005). 
The remaining cell pellets were resuspended in an adhesion medium and seeded in 6 
well plates. The adhesion medium was DMEM/HAM’s F12 (Biochrom), 
supplemented with 10% Fetal Calf Serum (S 0615, Biochrom) and 1% Antibiotic-
Antimycotic Solution (A5955, Sigma-Aldrich). The adhesion medium was 
exchanged with a serum-free growth medium after 24 h depending on cell type: 
HuMEC medium (12752-010, Life Technologies) for breast epithelial cells or 
defined Keratinocyte medium (10744-019, Life Technologies) for cervical cells. 
 
Figure 3.1: Tissue sample preparation. a) Tissue obtained from pathology. 
b) Cut pieces for enzyme processing with collagenase and DNase. c) Mechanic 
dissociation of the tissue in the GentleMACS mixer and d) a tube rotator. e) 
Several centrifugation steps to select for epithelial cells. f) Isolated epithelial 
cells in culture. Image a),b), and f) from (Händel et al., 2015) 
The protocol used for breast cancer tissue was modified from (Speirs et al., 1998) to 
optimize cell yield. The used enzymes were changed to collagenase P (Roche) and 
DNSase (AppliChem A3778). Especially the gentleMACS dissociator (Miltenyi 
Biotec) increased the success rate for plating the cells. The implementation of tube 
rotator during the digestion time shortened the overall time of the dissociation which 
resulted in a higher count of viable cells. The HuMEC medium (12752-010, Life 
Technologies) also promoted the proliferation the DMEM medium composition 
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proposed by (Speirs et al., 1998). All modifications taken together increased the 
successful culture rate from ∼25% to ∼75%. 
3.1.2 Immortalized Cell Lines 
Standard cell lines were used as model systems. The focus was on commonly used 
breast cancer cell lines for different stages of tumor progression. Immortalized cell 
lines, in contrast to primary tissue samples from patients or animals, have a 
theoretically infinite life span and can be used as standard models with fairly 
constant characteristics. 
The Following nine cell lines were used in this thesis: 
BALB/3T3: 
The BALB/3T3 clone A31 is one of several cell lines (see ATCC CCL-164, 
BALB/3T12) derived by S.A. Aaronson and G.T. Todaro in 1968 from disaggregated 
14 to 17-day-old BALB/c mouse embryos (Todaro and Green, 1963). The cells are 
extremely sensitive to contact inhibition of cell division, grow at a high dilution, 
exhibit a low saturation density and are highly susceptible to transformation in tissue 
culture by the oncogenic DNA virus SV40 and murine sarcoma virus. Protocols for 
cells culture can be found in appendix 6.2.1. 
CHO-K1: 
The CHO-K1 cell line was derived as a sub clone from the parental CHO cell line 
initiated from a biopsy of an ovary of an adult Chinese hamster by T. T. Puck in 
1957 (Tjio and Puck, 1958). Protocols for cells culture can be found in appendix 
6.2.2. 
MCF-7: 
The MCF-7 cell line (ATCC Cat. No. HTB-22) is a cancerous epithelial cell line 
originally derived from adenocarcinoma in mammary gland of a 69 year old 
Caucasian woman (Soule et al., 1973). MCF-7 retains several characteristics of 
differentiated mammary epithelium including ability to process estradiol via 
cytoplasmic estrogen receptors and the capability of forming domes. Protocols for 
cells culture can be found in appendix 6.2.3. 
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MCF-10A: 
The MCF 10A cell line (ATCC, Cat. No. CRL-10317) is a non-tumorigenic 
epithelial cell line. It was derived from mammary gland of a 36 year old Caucasian 
woman with fibrocystic disease (Soule and McGrath, 1986). The karyotype shows 
minimal rearrangement and it is the first spontaneous line of breast epithelium (Soule 
et al., 1990). Protocols for cells culture can be found in appendix 6.2.4 
MDA-MB-231: 
MDA-MB-231 (ATCC, Cat. No. HTB-26) is a tumorigenic epithelial cell line 
derived from the metastatic site (pleural effusion) in the mammary gland of a 51 
years old Caucasian woman with adenocarcinoma (Cailleau et al., 1974). The cells 
from poorly differentiated tumor in nude mice. Protocols for cells culture can be 
found in appendix 6.2.5. 
MDA-MB-436: 
MDA-MB-436 (ATCC, Cat. No. HTB-130) is a tumorigenic epithelial cell line 
derived from the metastatic site (pleural effusion) in the mammary gland of a 43 
years old Caucasian woman with adenocarcinoma (Cailleau et al., 1978). Protocols 
for cells culture can be found in appendix 6.2.6. 
Mouse Keratinocytes: 
Mouse Keratinocytes were derived from strain C57Bl6 on 3T3J2 feeders and 
spontaneously immortalized (Hager et al., 1999). Keratinocytes are highly adherent 
and grow optimally on collagen-I coated dishes. Protocols for cells culture can be 
found in appendix 6.2.7. 
SV-T2: 
SV-T2 cell line is derived from BALB/3T3 clone A31 by SV40 (Simian virus 40) 
virus transformation (Aaronson and Todaro, 1968). It is tumorigenic in contrast to 
BALB/3T3 clone A31. Protocols for cells culture can be found in appendix 6.2.8. 
T24: 
T24 cell lines are human bladder carcinoma cells from a Caucasian female patient, 
aged 82, with urinary bladder papillomatosis (Bubeník et al., 1973). Protocols for 
cells culture can be found in appendix 6.2.9. 
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3.2 Modulating Membrane Composition with Soraphen A 
Soraphen A is an inhibitor for Acetyl-CoA Carboxylase (ACC1) (Shen et al., 2004), 
a key enzyme in the fatty acid metabolism. It is isolated from the mycobacterium 
Sorangium cellulosum. ACC1 inhibition via Soraphen A is known to reverse 
lipogenic phenotype in cancer cells (Beckers et al., 2007). The chemical structure is 
shown in Figure 3.2. 
Soraphen A was developed as a fungicide and is a potent inhibitor of fungal species, 
especially in plant disease protection (Vahlensieck et al., 1994). Here, Soraphen A is 
used as a tool to change the membrane composition deliberately and correlate the 
effects to mechanical characteristics of the cell membrane and cell migration. 
 
Figure 3.2: Soraphen a 2D structure. Image from (Ligon et al., 2002) 
Soraphen A was isolated as described previously (Gerth et al., 2003). It was 
dissolved in ethanol and added to the cell medium in a concentration of 1 µM for 
stimulation. 
3.3 Migration and Invasion Assays 
Boyden chambers were employed to quantify migration and invasion of the cell, see 
Figure 3.3. Boyden chambers are porous filters. The pores are big enough for the 
cells to migrate through and the number of migrated cells are a measure of migration. 
If the filters are additionally coated with a gel that mimics the extracellular matrix it 
is used as a measure for invasion. 
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For the assays, cells were counted and approximately 2 ∙ 105 cells were seeded in a 
6-well plate containing polycarbonate filters (Costar, Germany). For the T24 cells a 
pore size of 5 µm and for the MDA-MB-231 a pore size of 8 µm was chosen to 
account for the cell size. Treated cells were stimulated with Soraphen A in the 
medium for 2 h. Migration time was 16 h for T24 and 4 h for MDA-MB-231. The 
filters were coated with Matrigel (Corning Life Sciences) for the invasion assays, 
also referred to as modified Boyden chambers, according to the manufacturer’s 
instructions and invasion time was 24 h for both cells lines. Afterwards, cells were 
removed from the upper side of the filter inserts with a cotton bud. The remaining 
cells were stained using crystal violet and counted. Migration and invasion of the 
treated cells are given in relation to the control assays without stimulation. 
 
Figure 3.3: Boyden chamber assay. a) A porous filter insert is placed in a well 
plate. b) A counted amount of cells is placed in the insert. c) Cells migrate 
through the pores to the other side. d) After removing the cells on the upper 
side, the remaining cells can be counted. The insert was additionally coated 
with Matrigel for the invasion assay. Image from (Hulkower and Herber, 2011) 
The assays were performed at least three times and the data will be shown as 
means ± S.E.M (standard error of the mean). For comparisons, an unpaired Student’s 
t-test is used to determine significance and values of p < 0.05 are considered 
statistically significant. The migration and invasion assays were performed in close 
collaboration with Simone Braig and Katharina Ferkaljuk. 
3.4 Cell Death Assay 
A propidium iodide exclusion assay was used to determine cell viability in response 
to Soraphen A treatment. Propidium iodide is a generally membrane impermanent 
dye. If it penetrates a cell, it is assumed dead or dying. T24 and MDA-MB-231 cells 
were stimulated with Soraphen A for 24 h and afterwards washed and harvested. 
Then they were stained with 50 µg ml−1 propidium iodide (Sigma-Aldrich) in PBS 
3 Methods and Materials 
30   
and analyzed in a flow cytometer (FACSCalibur, Becton Dickinson). The cell death 
assays were performed in collaboration with Simone Braig and Katharina Ferkaljuk. 
3.5 Optical Stretcher Measurements 
The microfluidic optical stretcher (µOS) (Guck et al., 2000, 2001; Lincoln et al., 
2007) was chosen over atomic force microscopy to investigate the cytoskeletal 
changes in the T24 and MDA-MB-231 cells after stimulation with Soraphen A. The 
high throughput allowed for significant results. A short introduction of the 
background theory of an optical stretcher was given in chapter 2.3. 
 
Figure 3.4: Schematic of µOS setup A computer running a LabVIEW is 
controlling the laser, the pressure regulator, and the camera. The cells in 
suspension are pumped through the capillary in the focus of the camera. When 
a single cell is detected, the cell is stopped and the laser turned on to trap the 
cell. If the cell can be trapped, a stretch measurement is started. Image kindly 
provided by Roland Stange. 
For a measurement, cells in a 70-80% confluent cell culture flask were washed with 
phosphate buffered saline (PBS) and detached with 0.025% [w/v] Trypsin-EDTA 
solution (T4049, Sigma-Aldrich). The cells suspension was then transferred into a 
15 ml tube with serum containing medium to inactivate the Trypsin-EDTA and 
centrifuged 200 g for 4 min. The supernatant was removed and the pellet slowly 
resuspended in cell medium with a pipette. A concentration of approximately 105 −
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106 cells ml−1 was used to ensure optimal throughput of approximately 200 cells per 
hour in the µOS. 
The cell suspension was then connected to the tubing of the µOS and pumped into a 
microfluidic setup, see Figure 3.4. A LabVIEW application, mainly developed by my 
colleague Roland Stange, is used to automatically detect the single cells and stop 
them via the pump near the focus of the objective, see Figure 3.5a. The cell is then 
trapped for one second with 100 mW and stretched for 2 s, see Figure 3.5b and c. 
The images are recorded with a digital CCD camera (A202k, Basler AG) at 30 fps. 
The microscope stage temperature as well as the cells in suspension where held at 
23.0 ± 0.1°C with a thermostat (F10, Julabo). 
The flow can controlled with an accuracy of approximately 1 pl s−1 with a cross 
section of 80 × 80 µm². This allows a cell positioning with micrometer accuracy 
nearby the trap position. 
 
Figure 3.5: Cell Rheology in the µOS. a) Illustration of the µOS. Cells are 
brought to the focus of an objective and then stretched by the light forces of a 
1064 nm fiber laser. b) The same cell before (top) and after the stretch 
(bottom). The diameter d(t) increases during the stretch. c) The laser patter 
used in the single cell experiments. Cells are trapped with a low power of 
100 mW for 1 s and then stretched with 800 mW for 2 s. The relaxation is 
recorded with an additional 2 s. Image a) modified from (Huber et al., 2013). 
The resulting image series of was analyzed using MATLAB (MathWorks). An edge-
detection algorithm extracts the contour positions, see Figure 3.5b and chapter 3.6. 
This also corrects for small rotations of the cell that might have occurred during the 
measurement. 
The relative deformation 𝜀 = (𝑑(𝑡) − 𝑑0) 𝑑0⁄ )  along the laser axis is then 
constructed, with 𝑑(𝑡) as the diameter of the cell and 𝑑0 as the initial cell diameter 
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being the average cell diameter during the trap phase, see Figure 3.5b and c. Single 
deformation curves of an example population are shown in Figure 3.6. The optically 
induced stress 𝜎0  during the measurement depends linearly on the applied laser 
power (Wottawah et al., 2005): 
 
0 g








 . (3.1) 
The geometric factor 𝐹g  accounts for the used model of the cell, for example a 
homogenous sphere or a shell like object (Lure, 1964). I choose to set 𝐹g to 1 and 
continue to use the creep compliance in arbitrary units, since a model requires 
assumptions that differs for various cell types and a normalization with the laser 
power 𝑃 is enough to compare results. 
 
Figure 3.6: Relative deformation curves of 100 T24 cells from optical stretcher 
measurements using 800 mW laser power. 
3.6 Contour extraction from images 
The edge detection algorithm used for the whole cell images of the optical stretcher 
and the membrane images of the cellular blebs is based on a Laplacian and improves 
upon the algorithm from (Lincoln et al., 2007).  
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The aim is to find and trace the outer contour of vesicles or cells in phase contrast 
images and obtain the results in polar coordinates from the center, since cells and 
cellular blebs typically have an almost circular shape. This center was determined for 
each image via an ellipse fitted to the contour. 
In the following, I will explain the detailed steps of the algorithm: First, the average 
intensity pixel value for each column and row is calculated. The weighted mean for 
these values in x- and y-direction is used to approximate the center of the object, see 
Figure 3.7. Additionally, a previously taken background image without the object 
can be subtracted from the image to increase the signal to noise ratio of the image. 
This is done automatically for the stretcher measurements, i.e. an image of the 
capillary without a cell, but was not possible for the cellular bleb image series, since 
the position of the blebs is not known before the measurement. 
 
Figure 3.7: Object center estimation. The average values are shown in blue on 
top and of the side of the image. The weighted mean and the resulting center is 
marked by the red dotted line. Image from (Händel et al., 2015). 
The detected center is now used to transform or “unwrap” the circular object into a 
polar representation, see Figure 3.8a. This allows for simple radial gradient 
calculation. The local maxima of the negative derivative (outer contour) are the 
interesting points, i.e. where the intensity drops from bright to dark. Each pixel of 
this gradient image is then rated whether neighboring pixels have higher or lower 
values, see Figure 3.8b. Here, pixels surrounded by lower values were rated higher, 
since they possibly represent a local maxima. The local comparison makes this 
approach insensitive towards inhomogeneities of the image and the illumination. 
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Figure 3.8: Polar representation of the object. a) The object is unwrapped from 
a circle. The top of the image represents the center of the object (R = 0). b) 
Rated gradient image with red pixels showing intensity drops, which are 
potential points of the edge. Image from (Händel et al., 2015). 
In order to find the cell edge, the algorithm is searching for a line of connected pixels 
through the whole image, see Figure 3.9. Here, only pixels with the highest rating are 
used as starting points and more pixels are added to the line in a flood fill approach. 
If a previous image in the image series exists, its edge is used to start the new 
contour within the neighborhood of the last contour. The resulting line currently has 
pixel size accuracy. 
 
Figure 3.9: Flood fill search of contour. a) Pixels with highest rating are used 
as starting point. b) Further points with high rating are added to close the line. 
c) Points and branches that do not finish the line are removed. Image from. 
(Händel et al., 2015). 
A subpixel accuracy is now achieved using a weighted mean or a gauss fit along the 
radial intensity profile near the found pixel edge, see Figure 3.10. Here, a weighted 
mean was used since it is much faster than the gauss fit. 
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Figure 3.10: Subpixel contour fitting for a single angle. The intensity profile 
(blue) is shown nearby the edge pixel with the corresponding derivative (black) 
and the rating (red). The inset shows the fit of the derivative with gauss fit and 
weighted mean. The average discrepancy is below 0.01 pixel. Image from 
(Händel et al., 2015) 
The detected edge is verified with an ellipsoid fit. If the center differs more than one 
pixel from the center used for unwrapping, the process is restarted with the new 
found center. 
3.7 Thermorheology 
I wanted to investigate if time-temperature superposition (TTS) is a universal feature 
for all cell types or if there are different types of behavior. The research in this 
chapter was done in close collaboration with Tobias Kießling. 
The optical stretcher setup was used to investigate the deformability of single 
suspended cells at five temperatures from 28 °C to 44 °C. The setup is as described 
in chapter 3.5. Two counter propagating laser beams (λ = 1064 nm) trap cells in a 
capillary with a power of 100 mW and a step stress pattern with a higher laser power 
is applied for the measurement, see Figure 3.5. The cell experiences a pulling force 
of approximately 10 Pa peak stress (Guck et al., 2001). The temperature increases 
almost instantaneous due to the absorbed laser light by about 𝛥𝑇stretch ≈ 25 K W
−1 
(Ebert et al., 2007; Kießling et al., 2013), see Figure 2.15. Therefore, the effective 
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temperature 𝑇eff can be calculated with the applied laser power 𝑃stretch and the stage 
temperature 𝑇setup: 
 eff setup stretch stretchT T T P   . (3.2) 
The temperature sensitive dye rhodamine B (Sigma-Aldrich, USA) was used to 
calibrate the system (Kießling et al., 2013), due to its sensitivity range of 0°– 120°C. 
The dye was flushed into the flow channel of the optical stretcher and the 
temperature increase was measured for six different laser powers via the intensity 
change. This calibration itself is independent of the mechanical measurements since 
it is done beforehand and not during the optical stretching of the cells. It is very 
stable since the cells don’t touch the capillary during the measurements (contact free 
rheology). 
The microscope stage temperature 𝑇setup was held at 11 °C for all thermorheological 
measurements and the step stress was applied for 2 s to the cell. This temperature is 
lower than the temperature we use usually for optical stretcher experiments (23 °C). 
This was necessary to measure with higher laser powers up to 1.32 W without 
inducing massive protein denaturing due to temperature. The stretch laser power was 
a randomly chosen power between 0.6 W and 1.4 W for each single cell. The 
deformation image series were analyzed as described in chapter 3.5. 
In the optical stretcher, the induced surface stress σ0 increases linearly with the 
applied laser power (Guck et al., 2000, 2005). The observed deformability of the 
cells can be described as creep compliance 𝐽(𝑡), see equation (3.1). 
The creep experiments at different temperatures, assuming linear viscoelastic 
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The creep compliance curves 𝐽𝑖  are at temperature 𝑇𝑖  corresponding to the chosen 
laser power. The curves were plotted logarithmically and shifted to overlap at 
reference temperature 𝑇𝑟𝑒𝑓, as in (Ferry, 1980; Schmidt et al., 2015). Each curve 𝐽𝑖 is 
a bin containing over 100 cells. For some cell lines, a scaling with the time shift 
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factor 𝑎𝑇𝑖 was sufficient. These cell lines are considered thermorheologically simple 
similar to (Schwarzl and Staverman, 1952). For the rest of the cell lines an additional 
scaling with the modulus shift factor 𝑏𝑇𝑖 was necessary to achieve overlap curves. 













 , (3.4) 
constant activation energies 𝐸𝐴  were calculated (R is the universal gas constant) 
(Ferry, 1980). Under the assumption of cells being a glass-like material (Fabry et al., 
2001; Maloney et al., 2010; Trepat et al., 2007), the activation energy will become 
temperature dependent near the glass transition temperature 𝑇𝑔 . In this case, 𝑎𝑇𝑖 
above 𝑇𝑔  is often described with the Williams-Landel-Ferry (WLF) equation 















 , (3.5) 
With 𝐶1 and 𝐶2 beeing empirical parameters. So called master curves were created 
from the creep compliances curves 𝐽𝑖. All curves were scaled to a chosen reference 
temperature of 𝑇ref  =36 °C according to equation (3.3). For this, 𝑎𝑇𝑖  and 𝑏𝑇𝑖  were 
being varied to maximized overlap using least squares fitting minimizing the χ2 
value. Bootstrapping of the distribution was employed to establish the 95% 
confidence interval of the mean of the deformation curves. If it was possible to 
overlay these bounds, the fit was deemed acceptable. The errors for 𝑎𝑇𝑖  and 𝑏𝑇𝑖 were 
estimated with the maximum distance to the confidence bounds. 
3.8 Membrane Rigidity Measurements 
Cancer cells have a different phospholipid composition than their healthy 
counterparts (Kojima, 1993; Barceló-Coblijn et al., 2011). These changes in lipid 
composition directly influence the bending rigidity (Betz and Sykes, 2012). It is 
necessary to investigate and understand these changes to understand tumor cells and 
their evolution from a biomechanical perspective (Yu et al., 2011). While current 
research is mainly investigating specific molecular processes and biochemical targets 
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(Alonso et al., 2011; Lippoldt et al., 2014), research on biomechanical features and 
targets is still an emerging field (Janmey and Miller, 2011; Mouw et al., 2014). 
Especially the identification of mechanical membrane properties that influence and 
regulate migration and invasion is important to understand cancer progression 
(Renkawitz et al., 2009). 
Membrane rigidity measurements were done to correlate the invasiveness of primary 
tissue and cell lines to mechanical changes of the plasma membrane. Giant plasma 
membrane vesicles (GPMVs) were created in a vesiculation process, also known as 
cellular “blebbing”. This vesiculation process is chemically induced and allows the 
characterization of the cell membrane (Baumgart et al., 2007; Holowka and Baird, 
1983; Scott et al., 1979). It is necessary to use these GPMVs instead of whole cells 
for rigidity measurements to decouple the membrane from the cytoskeleton.  
3.8.1 Giant Plasma Membrane Vesicle Preparation 
For vesiculation, see Figure 3.11, an adapted protocol similar to (Baumgart et al., 
2007; Scott et al., 1979) was used. 
 
Figure 3.11: Formation of cellular blebs. GPMVs are starting to separate from 
NIH/3T3 fibroblasts during vesiculation (white arrows). Image courtesy of 
Konrad Jahn. 
The cells were grown to approximately 90% confluence in 75 cm² tissue flasks and 
washed with a GPMV buffer containing 2 mM CaCl2(S7653, Sigma-Aldrich), 
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0.15 M NaCl (S7653, Sigma-Aldrich), HEPES (H3375, Sigma-Aldrich). The buffer 
was prepared with in ultra-pure water (Milli-Q system Integral 5, Merck Millipore, 
USA, R > 18 MΩ cm). Next, GPMV reagent consisting of 20 mM PFA (P6148, 
Sigma-Aldrich) and 4 mM DTT (6908, Roth) in GPMV buffer was added and the 
flasks incubated for 2 h in a shaker at 37°C (5% C02, and 60 cycles per minute). 
Following, the GPMV containing solution was gently decanted into a 15 ml tube 
containing 4 ml GPMV buffer and settled on ice for 45 min. The upper ¾ of the 
solution in the tubes was used for experiments.  
3.8.2 Fourier Analysis of Membrane Fluctuations 
The theory of the membrane fluctuation analysis is based on the elastic energy per 
unit area of the membrane 𝑔𝑐, deduced by Wolfgang Helfrich (Helfrich, 1973): 
 2




cg k c c c kc c    .  (3.6) 
𝜅  and ?̅?  are the bending modulus and the saddle splay modulus. 𝑐0  is the 
characteristic curvature, i.e. the membrane would like to be spontaneously curved in 
one direction if 𝑐0 ≠ 0. This is only possible for membranes that are not up-down 
symmetric. 𝑐1 and 𝑐2 are the principal curvatures. The total elastic energy of a vesicle 







E c c dA  , (3.7) 
assuming 𝑐 = 0 and 𝐴 being the surface area of the vesicle. The Energy from integral 
over the saddle splay modulus ?̅? is constant for a closed membrane using the Gauss-
Bonnet theorem (Idema, 2009) and can be neglected for any fixed topology. 
Equation (3.7) can be used to determine 𝜅 for quasi-spherical vesicles (Schneider et 
al., 1984). The fluctuations 𝑢(𝜃, 𝜑, 𝑡) over time 𝑡 of the membrane are represented in 
spherical coordinates as an expansion around the mean radius 𝑅0 of the vesicle: 
     0, , 1 , ,R t R u t     . (3.8) 
𝜃  is the polar angle and 𝜑  is the azimuthal angle. A decomposition in spherical 
harmonics yields: 
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𝑎𝑙𝑚(𝑡)  denote the time-dependent amplitudes, and Y𝑙𝑚(𝜃, 𝜑)  is the spherical 
harmonic function of degree 𝑙 and order 𝑚. States with 𝑙 < 2 correspond to spherical 
translations and violate volume conservation and states with 𝑙 = 1  correspond to 
translations of the sphere. Using div(?⃗? ) = c1 + 𝑐2 , with ?⃗?  as the normal of the 
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yielding especially the eigenvalues of the spherical harmonics 
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Assuming that the modes are independent, the mean square amplitudes 𝑎𝑙𝑚 can be 
expressed as canonical variables with the equipartition theorem (Milner and Safran, 
1987): 
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𝑘𝐵𝑇 is the thermal energy and 𝜎
′ = 𝜎𝑒𝑓𝑓𝑅
2𝜅 introduces the effective tension 𝜎𝑒𝑓𝑓. 
Since this equation is not dependent on 𝑚, it is possible to study the vesicles with 
fluctuations in just one plane. The equatorial plane of the vesicle, 𝜃 = 𝜋/2, is chosen 
since it gives the clearest image of the membrane contour. 
The GPMVs were imaged with a phase contrast microscope (DM IRB, Leica; 100× 
oil objective). Images series of approximately one minute were taken with an Ixon 
camera (DV887 EMCCD, Andor Technology) and framerates between 90 fps and 
150 fps which are enough images (n ≈ 10000) to span the phase space of the 
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fluctuations (Gracià et al., 2010; Häckl et al., 1997). Image analysis to detect the 
contour was performed in Matlab (MathWorks Inc.) using a gradient based edge-
detection algorithm, see chapter 3.6.  
 
Figure 3.12: Contour of vesicle a) Overlay of phase contrast image of GPMV 
formed from breast cancer cells with detected contour. b) Contour of Vesicle 
including one of the 256 radii 𝑅(𝜑𝑖). Image from (Händel et al., 2015) 
The contour of each vesicle was described with 256 radii 𝑅(𝜑𝑖) with 𝜑𝑖 being the 
azimuthal angle in the image plane (𝜃 = 𝜋/2), see Figure 3.12. 
The two-dimensional fluctuations can be expanded as a Fourier series analogous to 
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with 𝑞 being the mode number. The amplitudes 𝑉𝑞(𝑡) are calculated via a projection 
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The mean square amplitudes can be used with equation(3.13): 
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 as the normalized, associated Legendre polynomials at 𝜃 = 𝜋/2. The 
sum in equation (3.16) converges rapidly for moderate tensions with increasing 𝑙 and 
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𝑞 and was calculated up to 𝑙𝑚𝑎𝑥 = 400 (Bivas et al., 1987; Duwe et al., 1990; Gracià 
et al., 2010). 
Fast Fourier transformation was employed to calculate the Fourier coefficients 𝑉𝑞 
from equation (3.16). Their mean square values were obtained by averaging |𝑉𝑞|
2
 
over the number of taken images (ensemble average). 
 
Figure 3.13: Calculation of bending rigidity 𝜅 and bending dominated regime. 
The data shown was obtained from GPMVs of primary breast cancer cells. a) 
Bending modulus 𝜅  shown as a function of the mode number q. The 
intermediate regime of the modes 7 ≤ 𝑞 < 16 (red box) was used to calculate 
the bending rigidity of the GPMVs. The regime is a practically mode number 
independent plateau (red line). The error bars show the deviation from binning 
the image series in three groups. The rigidity from equation (3.16) and 
neglecting tension results in 𝜅 = (1.36 ± 0.14) × 10−19 J. b) Plot of mean-
square amplitude 〈|𝑉(𝑞)|2〉 over mode number q. The solid line represents the 
fit from (3.17). The fit calculates to 𝜅 = (1.46 ± 0.28) × 10−19 J  for the 
rigidity and 𝜎 = (8.69 ± 1.76) × 10−7 N m−1 for the tension. Image a) from 
(Händel et al., 2015). 
The rigidity 𝜅  has a mode number independent plateau (Figure 3.13a) and 
〈|𝑉(𝑞)|2〉 ∼ 𝑞x
−3  is true (Figure 3.13b), which shows the modes 7 ≤ 𝑞 < 16  are 
bending dominated (Pécréaux et al., 2004; Yoon et al., 2009). The lower modes are 
tension dominated and were dismissed (Engelhardt et al., 1985; Gracià et al., 2010). 
Higher order modes are not reliably detected due to optical resolution limits and their 
fast relaxation rated (Yoon et al., 2010). Equation (3.17), the planar power spectrum, 
was used to fit the 〈|𝑉(𝑞)|2〉 ∼ 𝑞x
−3 following (Yoon et al., 2009): 
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with the wave vector 𝑞x being defined as 𝑞x =
𝑞
𝑅0
. Additional plots of the bending 
dominated regime are provided in the appendix 7.2. 
3.9 Phospholipid Content Analysis of Membranes 
To investigate the lipid composition of the cells, a lipidome analysis was performed. 
This includes three main steps: 
 Lipid extraction from the cells 
 Lipid separation 
 Lipid detection 
In general, the lipids are extracted with organic solvents such as acetone or ethanol. 
The common Bligh and Dyer method uses chloroform and methanol, which works 
well for a wide range of biologically relevant lipids (Bligh and Dyer, 1959). 
There are several common methods for the extractions of lipids, such as thin layer 
chromatography or liquid chromatography (LC). Here, high pressure LC was used 
for electrospray ionization (ESI) tandem mass spectrometry. For LC, high pressure 
pumps the solvent including the sample through a column of adsorbent particles. The 
different interaction strengths between the particles separate the components of the 
sample in column. 
The third step is the actual detection of the lipids. Currently, electrospray ionization 
and matrix-assisted laser desorption and ionization (MALDI) mass spectrometry are 
most commonly used in lipid research (Fuchs et al., 2010). Both are soft ionization 
methods used to identify biomolecules. 
3.9.1 ESI Tandem Mass Spectrometry 
Phospholipids were extracted and separated via reversed phase liquid 
chromatography. Analysis was done in close collaboration with Andreas Koeberle 
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from University of Jena. Electrospray ionization (ESI) tandem mass spectrometry 
was used for detection as described in (Koeberle et al., 2013). The ESI technique 
uses a high voltage applied to a sample liquid in order to create an aerosol (Balogh, 
2014). The tandem mass spectrometer has multiple sequential mass spectrometer 
steps in separated stages. This allows further fragmentation of the sample after the 
first stage of mass separation (McLafferty, 1981). 
Water, methanol, chloroform, and saline (final ratio: 14:34:35:17) were successively 
added to the cells. The residual after evaporation was dissolved and diluted in 
methanol. 
 
Figure 3.14: Schematic of an Ultraperformance Liquid Chromatography 
system. The solvent is pumped into the a stream (mobile phase) and transferred 
to the liquid chromatographic column. The sample is then injected into the 
mobile phase and enters the column filled with adsorbent particles where the 
sample is separated. The mass spectrometric detector analyses separated parts 
that passed the column and peaks are digitally generated from the data. Image 
modified from (Waters, 2015).  
Extracted phospholipids were separated in an Acquity UPLC BEH C8 column 
(1.7 µm particle size, 100 mm length, Waters GmbH) with an Acquity 
Ultraperformance Liquid Chromatography system (Waters GmbH). The 
chromatography system was coupled with a QTRAP 550 mass spectrometer (AB 
Sciex) and an electrospray ionization source. 
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Both fatty acid anion fragments were detected through multiple reaction monitoring 
as described in (Koeberle et al., 2013) and the most intensive transition selected for 
quantification. The mass spectra were processed using the Analyst 1.6 software (AB 
Sciex). This method was optimized towards a comparison of phospholipid profiles 
between samples and not for absolute quantification. 
3.9.2 MALDI-TOF Mass Spectrometric Characterization 
Approximately 600 µl of the cellular lipid extracts of about 5·106 cells were dried in 
vacuum. Then, the lipids were re-solubilized with 10 µl matrix solution (DHB, 0.5 M 
in methanol, 39319, Sigma-Aldrich) (Schiller et al., 1999). The lipid moiety of cells 
was extracted using the Bligh and Dyer method (Bligh and Dyer, 1959). 
 
Figure 3.15: Matrix-assisted laser desorption and ionization (MALDI). The 
biological sample embedded in the matrix is irradiated with short high energy 
laser pulses. This leads to a hot plume from the ablated material containing 
matrix and sample. The molecules are then ionized via protonation or 
deprotonation in the hot gas. Image modified from (Cramer and Dreisewerd, 
2006). 
Following, 1 µL of the sample/matrix solution was transferred onto a gold-coated 
MALDI target plate, see Figure 3.15. To exclude interferences between differences 
in the fatty acyl compositions of lipids an the simultaneous generation of H+ and Na+ 
adducts, selected analyses were repeated with the same DHB matrix solution that has 
been saturated with caesium chloride (CsCl, 150589, ICN) as described in (Schiller 
et al., 2001). 
The MALDI-TOF mass spectra were recorded on a Bruker Autoflex MS device 
(Bruker Daltonics), using a pulsed nitrogen laser at 337 nm. The measurements were 
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done using the reflector mode and delayed extractions conditions. Only positive ion 
spectra were recorded. 
 
Figure 3.16: Schematic of a MALDI-TOF mass spectrometer. The ionized 
sample particles from the MALDI target plate are accelerated in an electric 
field. Lighter ionized molecules will travel faster. The ions are then reflected 
by a constant electrostatic field towards the reflection mode detector. The 
reflector mode has a greater travel distance, which allows for a better 
resolution. Image modified from (Ingevoerd). 
The raw data were analyzed in the Flex-Analysis 2.2 software (Bruker Daltonics). 
For normalization, the intensities of the peaks is plotted relative to the intensity of the 
largest peak, similar to (Fuchs et al., 2010). Analysis was done in close collaboration 
with Jürgen Schiller from University of Leipzig. 
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4 RESULTS AND DISCUSSION 
“Reality is that which, when you stop believing in it, 
doesn't go away.” 
Philip K. Dick, “How to Build a Universe That Doesn't 
Fall Apart Two Days Later”, Speech 1978 
Biomechanical properties are useful characteristics and regulators of the cell’s state. 
In the following chapter, I will present three studies using the material parameters 
plasma membrane rigidity and whole cell elasticity to categorize different cell types. 
The first one shows the importance of controlled temperature in cell rheology 
experiments and also outlines a possible way to compare different temperatures using 
time-temperature superposition. The second one demonstrates the potential clinical 
importance of the biomechanics of cell membranes. The membrane rigidity of 
healthy and malignant tissue samples of patients is compared, showing a significant 
softening of the cell membrane in malignant cells. In the third study, a drug was used 
to influence the mechanics of the cell membrane towards a higher rigidity again. This 
resulted in the partial reversal of the invasive characteristics seen in the patient study. 
4.1 Investigation of Thermorheology in Eight Cell Lines 
The biomechanical parameters of cells and their responses to applied external forces 
and temperature variations are key to cellular functions such as embryogenesis, 
wound healing, cell division, or metastasis (Huber et al., 2013; Lepock, 2003; 
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McKinnell and Tarin, 1984; Ream et al., 2003). Two elementary parts cell parts are 
mainly responsible for the thermal behavior of cells (Kasza et al., 2007): 
 Cytoplasm is dominating with viscous contribution 
 Cross-linked polymer networks forming a viscoelastic compound material 
Cell rheology is a tool to understand the dynamics and configuration of the 
cytoskeleton and its regulating molecular processes (Seltmann et al., 2013). While 
cell rheology techniques are commonly used in cell biology (Suresh, 2007), the 
thermal dependence was only recently incorporated in biomechanical models and 
cell rheology studies (Rico et al., 2010; Sunyer et al., 2009; Warmt et al., 2014). 
 
Figure 4.1: Creep compliance curves of a) MCF-10A and b) Balb/3T3. The 
recorded creep curves 𝐽𝑖 (grey) are scaled to overlap using the shift factor aT 
(colored curves). The colors show the corresponding laser power and 
temperature (legend). The modulus shift factor bT was not needed for for these 
cell lines and were kept constant at bT = 1. c) and d) shows employed the time 
shift factor aT for the respective cell line. Image modified from (Schmidt et al., 
2015) 
Eight different cell lines were investigated for their instantaneous thermorheological 
behavior. The stage temperature Tsetup  was held at 11°C. The stretch power was 
randomly chosen between 0.6 W and 1.4 W and then binned into five groups. These 
parameters resulted in an effective temperature Teff  approximately between 26 °C 
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and 46 °C. A thermorheologically simple behavior as observed for MCF-10A cells 
was not found for all cell lines. 
MCF-10A and Balb/3T3 cells had simple thermorheological behavior, see Figure 
4.1. These results also confirm a previous study on MCF-10A (Kießling et al., 2013). 
Their creep curves 𝐽𝑖  were shifted horizontally by the time shift factor aT  using 
equation (3.3). 
 
Figure 4.2: Creep compliance curves of a) MCF-7 breast epithelial cell line and 
b) mouse keratinocytes. Curves are scaled horizontally with time shift factor 
aT, see c) and d), and vertically with modulus shift factor bT, see e) and f). 
Image modified from (Schmidt et al., 2015). 
MCF-10A and Balb/3T3 show an increase in compliance at higher temperatures. 
They both have a similar activation energy of approximately 85 KJ/mol. The fact that 
only a time shift factor aT is needed for the scaling indicates that the main influence 
caused by temperature is on the viscosity of the cells. 
The MCF-7 cell line features mostly a simple scaling, except at Teff = 44 °C, see 
Figure 4.2a. An additional scaling at this highest temperature with the modulus shift 
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factor bT was required for superposition. A required scaling of bT is an indicator for 
instant transformations of the cytoskeleton and other intracellular structures, due to 
the timescale in the order of one second for the experiments. MCF-7 cells are, for 
example, known for nuclei transformations at approximately Teff = 45 °C (Warmt et 
al., 2014). These nuclei contractions are visible for the whole cell in the optical 
stretcher via cross-links of structure-proteins and would appear as stiffening of the 
cell. The calculated activation energy for MCF-7 cells, EA = 142 kJ/mol, is the 
highest of the eight measured cell lines and has in that regard the highest sensitivity 
to temperate changes. 
Mouse Keratinocytes (Figure 4.2b) also need additional scaling with modulus shift 
factor bT, similar to MCF-7. Here, all curves require an adaption with bT. The 
calculated activation energy was EA = 132 kJ/mol. In this thermorheological context, 
MCF-7 and Mouse Keratinocytes, were categorized as thermorheologically complex, 
due to the required additional scaling with bT. 
The Creep curves 𝐽𝑖  of the remaining four cell lines - CHO-K1, MDA-MB-231, 
MDA-MB-436, and SV-T2 – did not allow superposition via equation (3.3), see 
Figure 4.3. For comparison, a scaling with aT was chosen that maximizes overlap at 
the beginning of the measurement, assuming a shorter temperature influence at this 
point. The activation energies for this scaling are reported in Figure 4.3, but it has to 
be considered that they did not form a master curve. This quantification of 
temperature sensitivity in terms of time temperature superposition can only be 
compared when the scaling follows equation (3.3). 
For the two lowest temperatures (28°C and 32°C) and the two highest temperatures 
(40°C and 44°C) the overlap of curves was possible. At Teff = 36°C a transition of 
creep behavior is visible (yellow curves in Figure 4.3). This may be an indication for 
changes of dominating relaxation processes between lower and higher temperatures. 
This is one of the ways in which thermorheological measurements may be used as a 
tool to identify the major structures of the cytoskeleton and determining their 
contribution to the general mechanics of the cell. 
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Figure 4.3: Creep compliance curves of a) CHO-K1, b) MBA-MB-436, c) 
MDA-MB-231, and d) SV-T2. The colored curves are superposed using the 
only the beginning of the stretch phase. Curves are scaled with aT, see e) – h), 
for this arbitrarily chosen time frame. They superpose for lower temperatures 
(blue and turquoise) and for higher temperatures (orange and red) and are 
separated by a transition regime around Teff = 36°C. The activation energies 
are shown in brackets and are a result of the chosen scaling. Image modified 
from (Schmidt et al., 2015). 
The creep curves in Figure 4.3 of higher temperatures deviate from curves of lower 
temperatures by becoming more compliant, which is an artefact of the chosen 
scaling. For these cell lines, structural changes and breaking processes during the 
heating may lead to higher compliance. This is in contrast to the findings from the 
superposing cell lines. MCF-7, for instance, would appear less compliant at 44°C, if 
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it were scaled with only aT and overlap range at the beginning of the stretch. This is 
an indication that different temperature dependent molecular mechanisms are playing 
a role in the cytoskeletal assembly. 
It is not trivial to apply an appropriate model that reflects the observed creep curves, 
considering the simultaneous temperature increase in conjunction with the applied 
stress. The shown visible differences of thermorheological behavior can be observed 
after constructing a master curve for TTS (time-temperature superposition). One 
major advantage of TTS is that no assumptions about the functional form of the 
creep compliance are required. The assumptions used are viscoelastic linearity and 
the validity of the main statement of TTS, i.e. temperature causes a rescaling of the 
time and modulus axes. 
Here, cells are seen as a complex compound of several different polymers and TTS is 
applied on the whole cell. This merges temperature dependencies of relaxations 
processes of the components into a single compound value, describing cellular matter 
as a material. The cell lines with no thermorheologically simple behavior may have 
less connectivity between the cytoskeletal components. Different thermal properties 
of the individual cytoskeletal elements vary the contribution towards the measured 
creep curves and require the correction via the modulus shift factor bT. All values for 
aT and bT are given in the appendix B 7.1. 
Assuming that only one thermally activated process dominates the cellular response, 
glass transition is another possible explanation for TTS. Regarding the glassy 
character of cellular matter (Fabry et al., 2001; Trepat et al., 2007), one or several 
components may go through a glass transition. During the measurement in the optical 
stretcher, the cells experience an instantaneous heating which lead to a loss of 
viscosity. This effect from heating is in the range of approximately 10% change in 
viscosity per Kelvin around 37°C (Kießling et al., 2013). Taking these heating 
effects into account, cells show a linear mechanical response to applied forces in the 
optical stretcher. 
There are no comparable studies for thermal effects in single cells on the presented 
time scale of seconds. For longer time scales, qualitatively similar results – a drop of 
viscosity for higher temperatures - have been reported (Sunyer et al., 2009). Sunyer 
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et al. investigated temperature dependence in adhered human alveolar epithelia cells 
using atomic force microscopy and traction force microscopy. The authors concluded 
that actomyosin activity increases with temperature, resulting in a higher level of 
prestress in the cytoskeleton. 
Here, the focus was on physical parameters and passive responses instead of 
biological alterations. Biological adaptions processes may not be relevant for the 
short measurement time of 2 s. A change in protein expression and a delayed 
structural response in form of alterations of the involved polymer networks during 
heating need more time, usually between minutes and hours (Digel et al., 2008). 
The actin cortex is often reported as the major contributor to the mechanical response 
of single cells (Cuvelier et al., 2007; Salbreux et al., 2012). There are differences 
between suspended cells and adherent cells that may lead to contradictions when 
comparing results from mechanical measurements. Stress fibers in adherent cells 
(Maloney et al., 2010), for instance, are not present in suspension measurements in 
the optical stretcher. Myosin II activity was also reported to increase whole-cell 
compliance in suspension (Chan et al., 2015). 
Simple and complex thermorheology is a new approach to cell rheology. The 
differences in the applicability of TTS provide a new understanding of 
biomechanical measurements, especially since no assumptions about underlying 
models are needed. These results show that the creep deformation of suspended cells 
strongly depends on temperature and that there are qualitative differences between 
cell types.  
4.2 Membrane Softening in Human Breast and Cervical Cancer 
Plasma membranes are actively connected to the biochemical changes during the 
transition to malignant cells and metastasis (Nicolson, 1982). The epithelial-
mesenchymal transition (EMT) is associated with the initiation of metastasis and 
occurring changes of biophysical properties  (Thiery, 2002). Cadherin-mediated cell 
adhesion, for instance, is down regulated during EMT which in turn increases 
motility (Thiery et al., 2009). Many studies of EMT in metastasis propose to restore 
the cells with a mesenchymal-epithelial transition, which would slow the cells down 
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and hinder metastasis. In this study, malignant and normal cells are studied under a 
mostly physical point of view, ignoring the signaling pathways and biochemical 
progression of carcinomas. For the first time, membrane rigidity is used to 
investigate cancerous epithelial from human tumors.  
Tumor samples of mammary and cervical tissue from human patients were analyzed 
in regards towards their membrane rigidity. For all the patients, we had tissue 
characterized as malignant and tissue from the boundary of the excision 
characterized as normal. The corresponding normal epithelial cells were in each case 
used as a reference base line, which sidesteps interpatient variability such as age or 
physical condition. Additionally, two breast epithelial cell lines were investigated 
and compared: 
 MCF-10A, a non-tumorigenic cell line, often used as normal baseline for 
breast epithelial cells (Debnath et al., 2003; Soule et al., 1990). 
 MDA-MB-231 is a tumorigenic cell line, often used as a model for aggressive 
breast carcinoma (Pillé et al., 2005). 
The dissociation of the tumor samples and subsequent plating of the isolated cells are 
described in chapter 6.1. The cell culture of the cell lines is described in detail in 
chapter 6.2. 
4.2.1 Membrane Rigidity 
All cell types were grown as monolayers and Giant plasma membrane vesicle 
(GPMV) formation was induced with paraformaldehyde, see chapter 3.8.1 
The majority of the observed GPMVs had diameters between 10 µm and 30 µm. 
Phase contrast image series of thermally excited GPMVs were taken to analyze the 
bending rigidity. This was calculated with Fourier fluctuation analysis of the 
equatorial planes of the vesicles, see chapter 3.8.2. To avoid membranes with 
tension, only vesicles with low excess area regarding the minimal spherical shape 
entered the analysis. 
The measured distributions of the bending rigidity κ are shown in Figure 4.4a - c and 
compared as boxplots in Figure 4.4d. Healthy tissue from around the tumor from the 
same patient was used as reference for breast and cervical cells. The vesicle counts 
  4.2 Membrane Softening in Human Breast and Cervical Cancer 
   55 
were n = 36 for healthy and n = 44 for primary breast tissue and n = 34 for healthy 
and n = 31 for malignant cervical tissue. 
 
Figure 4.4: Membrane rigidity of malignant carcinoma cells (red) and non-
malignant cells (black). a) Distribution of rigidity κ of GPMVs from MCF-10A 
(black) and MDA-MB-231 (red). b) Distributions from primary mammary 
tissue and c) primary cervical tissue. d) Boxplots from presented distributions 
a) - c), showing upper quartile, median and lower quartile. The small square 
indicates the mean and the whiskers range is 10 – 90% (Mann-Whitney U test, 
* p < 0.05, ** p < 0.01, *** p < 0.001). The given values for κ in a) – c) are the 
mean of each particular distribution. Image from (Händel et al., 2015). 
There was a significant increase in GPMVs with lower bending rigidities for 
malignant cells from breast and cervical tissue in contrast to their nonmalignant 
counterparts, see Figure 4.4a and b. 
The cell lines MCF-10 (n = 75) and MDA-MB-231 (n = 79) in Figure 4.4c, are 
considered a model system to compare healthy and aggressive cancer cells (Agus et 
al., 2013). They show the same trend as seen in primary tissue. The boxplots in 
Figure 4.4d show the extent of the distribution for the primary cells. The median 
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decreased with a factor between 1.7 and 3.5, see Table 1. The distributions of the 
primary tissue are wider than the distributions of the cell lines. This was not 
surprising since cell lines are much less heterogeneous than cells derived from 
primary tissue.  
Type 
Median bending 
rigidity 𝜿 (10-19 J) 
Mean deviation from 
the median (10-19 J) 
Primary breast tissue, healthy  3.2 2.5 
Primary breast tissue, malignant 1.7 1.6 
Primary cervix tissue, healthy  6.2 3.3 
Primary cervix tissue, malignant 3.7 3.1 
MCF-10A cell line, healthy 4.5 1.4 
MDA-MB-231 cell line, malignant 1.3 1.2 
Table 1: Median bending rigidities of malignant and healthy cells. 
4.2.2 Lipid Composition Analysis 
The lipid composition of the cells was analyzed to investigate correlations to the 
changed membrane rigidity between normal and malignant types. The samples were 
analyzed using positive ion matrix-assisted laser desorption and ionization time-of-
flight mass spectrometry (MALDI-TOF), a well-known tool for lipid analysis 
(Schiller et al., 2004). Here, it was used to investigate the relative amounts of 
individual lipids by comparing the peak intensities. 
A 30% - 40% decreased level of sphingomyelin (SM 16:0) was observed in the 
malignant primary cells in contrast to the non-malignant cells, see Figure 4.5. This is 
consistent with (Barceló-Coblijn et al., 2011), which previously showed lower levels 
of SM in cancer cell lines. A higher level of SM decreases membrane fluidity (Zager 
et al., 2000) as a more condensed state of fluid membrane and high levels of 
sphingolipids are also a distinctive part of membrane rafts (Pike, 2009). This is an 
explanation for the correlation of a higher level of SM to a higher bending rigidity of 
GPMVs from healthy cells. 
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Figure 4.5: MALDI-TOF mass spectra of primary cells from surgical resection. 
a) Normal mammary cells and b) malignant cells. c) Normal cervical cells and 
d) malignant cervical cells. The Mass spectra show a range of common 
phospholipids. Phosphatidylcholines (16:0/18:1) and (16:0/20:4) as well as 
sphingomyelin (16:0 SM) peaks are labelled. The Intensities are normalized to 
the largest base peak – the lipid phosphatidylcholine (16:0/20:4). Image from 
(Händel et al., 2015) 
The higher proportion of phosphatidylcholines (PC) with shorter fatty acyl chain 
lengths in malignant cells might also have contributed to the changed membrane 
rigidity. The shorter chain length reduces the probability of the hydrocarbon chains 
to interact with each other via van der Waals forces and therefore lowers the rigidity 
of the membrane (Darnell et al., 1999). These changes of lipid composition in 
malignant cells contribute to a more fluid and less rigid plasma membrane. 
In contrast to this is the higher ratio of PC for malignant cells with a lower saturation 
degree. This decreased number of double bonds supports dense packing and 
therefore contributes to higher membrane rigidity (Alberts et al., 2014). However, the 
membrane rigidity measurements show that rigidity was lower for malignant cells, 
indicating that the chain length has a higher overall impact than the number of 
double bonds of PC species. Gracià et al. assume also no significant effect on the 
flexibility from transmembrane proteins (Gracià et al., 2010). 
The changed lipid compositions also influence cell signaling by reducing lipid rafts 
(Simons and Ikonen, 1997). These lipid rafts can help localize proteins involved in 
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signaling and therefore increase specificity and fidelity. These effects may have a 
role in cancer progression and are a potential oncology target. 
This decrease in membrane rigidity may also play a role in blebbing motion (Friedl 
and Alexander, 2011; Tozluoğlu et al., 2013). It is possible that the switch from 
mesenchymal motion is facilitated via lower membrane rigidity and supports the 
creation of actin filament free blebs. This blebbing motion allows the aggressive 
cancer cells to migrate through the extracellular matrix and connective tissue. 
4.3 Impact of Soraphen A on Cell Mechanics and Invasion 
In this study, Soraphen A was used to investigate the change in metastatic potential 
in correlation to lipid composition. It inhibits the acetyl-CoA carboxylase (ACC1) 
which is a key enzyme in the fatty acid metabolism. The inhibition of ACC1 via 
Soraphen A is known to interfere with fatty acid elongation, showing an increased 
level of polyunsaturated fatty acids in prostate, breast, and colorectal cancer cells 
(Jump et al., 2011).  
Two cell lines, MDA-MB-231 and T24, were chosen for analysis. MDA-MB-231 is 
a commonly used model epithelial cell line for invasive mammary carcinoma and 
T24 is a human bladder carcinoma cell line. 
A lipidome analysis for MDA-MB-231 cells is shown in Figure 4.6. The cells were 
treated for 6 h with the Acetyl-CoA carboxylase 1 (ACC1) inhibitor Soraphen A 
prior to the measurement. The analysis was performed with an ESI tandem mass 
spectrometer, see chapter 3.9.1. 
The Soraphen A treatment did not alter the total phospholipid content in terms of the 
sum over all species measured. Phosphatidylserine (PS) was slightly increased 
(Figure 4.6a), but not on a significant level. All phospholipid species levels changed 
towards a higher number of double bonds after treatment (Figure 4.6b - e), i.e. 
desaturation increased. This has been previously observed for longer incubation 
times between 72 h and 96 h (Rysman et al., 2010). 
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Figure 4.6: Lipid composition of MDA-MB-231 after Soraphen A treatment. 
The cells (5 × 106) were stimulated with 100 nM Soraphen A (dark bars) for 
6 h. Control cells were treated with vehicle only (ethanol, white bars). 
Extracted phospholipids were analysed by liquid chromatography ESI mass 
spectronomy. a) Phospholipid subclasses phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylinositol 
(PI) total intensities of treated cells in relation to control cells. b)-e) 
Phospholipid subclass distributions over their desaturation. The signal 
intensities are given in relation to the total subclass intensity (Student’s t-test, 
* p < 0.05, ** p <0.01, *** p < 0.001). Image from (Braig et al., 2015).  
The phospholipid composition itself changed significantly after Soraphen A 
treatment, see Figure 4.7. Proportions of phospholipids with shorter fatty acids 
decreased and shifted towards those with longer fatty acids chains, most significantly 
for PI fatty acids (Figure 4.7d). 
The hypothesis was that the changes in phospholipid composition induced via 
Soraphen A treatment also affect the rigidity of membranes, since they comprise the 
major part of the membrane structure. Therefore the bending rigidity of these 
membranes was analyzed by observing the membrane fluctuations (Duwe et al., 
1990; Engelhardt et al., 1985; Milner and Safran, 1987). 
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Figure 4.7: Effect of Soraphen A on fatty acid chain length distribution of 
MDA-MB-231 cells. Cells were either treated with vehicle only (ethanol; white 
bars) or Soraphen A (100 nM; dark bars). a)-d) Distribution of phospholipid 
subclasses by fatty acid chain length after 6 h of Soraphen A treatment 
(Student’s t-test, * p < 0.05, *** p < 0.001). The proportion of phospholipid 
species (= relative intensity) is given as a percentage of the sum of all species 
in the respective subclass. Image from (Braig et al., 2015). 
Giant plasma membrane vesicles (GPMVs) derived from the cells were used to 
exclude interference from the cytoskeleton (Scott et al., 1979). The GPMVs were 
collected after vesiculation as described in chapter 3.8.1. The vesiculation process 
was chemically induced by paraformaldehyde (PFA) and potentiated with 1,4−di-
thiothreitol (DTT) (Baumgart et al., 2007; Scott et al., 1979). The hydrostatic 
pressure increases inside the cell due to a contraction of the cytoskeleton which in 
turn leads to a separation of membrane parts from the cytoskeleton (Charras and 
Paluch, 2008). It is important to note that this type of measurement cannot account 
for active cellular processes that may affect membrane mechanics such as signaling, 
exo-, and endocytosis (Dai and Sheetz, 1995; Gauthier et al., 2011). These 
fundamental processes are disrupted during the vesiculation and membrane enzymes 
  4.3 Impact of Soraphen A on Cell Mechanics and Invasion 
   61 
may be inhibited as well (Scott et al., 1979). It is therefore possible that these active 
processes change during vesiculation and alter the measurement of the membrane 
rigidity. Another important factor is that the cells are not homogenized during the 
procedure and the GPMVs are released from the cell surface, which reduces the 
chance of contamination with intracellular membranes (Scott et al., 1979). 
For the analysis, vesicles with radii between 5 and 15 µm were chosen. The GPMVs 
were comprised of numerous membrane lipids and polypeptides. This is in contrast 
to commonly used artificial membranes that are usually in the range of one to three 
pure phospholipids. The GMPVs were devoid of cortical actin assembly (Baumgart 
et al., 2007), even though the possibility of depolymerized actin remaining in the 
solution cannot be excluded. A hypotonic lysis step removed the residual cytosolic 
ingredients. 
This allowed for the interaction-free measurement of cellular membrane rigidity, 
given the above mentioned constraints. Fourier analysis of the thermal vesicle 
fluctuations was used to determine bending rigidity 𝜅. The breast cancer cell line 
MDA-MB-231 and the urinary bladder carcinoma cell line T24 were incubated with 
1 µM Soraphen A for 2 h prior to the measurement. From the MDA-MB-231 cells 48 
untreated and 45 treated GPMVs and from the T24 cells 28 untreated and 30 treated 
GPMVs were analysed. The Soraphen A stimulation did not affect the efficiency of 
the vesiculation yield. 
Figure 4.8 shows the boxplots of the measured distributions of bending rigidity 𝜅 for 
stimulated cells and the control. Both cell lines showed a significant increase of the 
median for stimulated cells. MDA-MB-231 cells had a median of 𝜅 = 1.0 ∙ 10−19 J 
for untreated and 𝜅 = 2.2 ∙ 10−19 J for treated cells. T24 cells had a median of 𝜅 =
2.3 ∙ 10−19 J  for untreated and 𝜅 = 4.4 ∙ 10−19 J  for treated cells. This shows a 
correlation between the change in rigidity of the cellular membranes and the 
inhibition of Acetyl-CoA Carboxylase which modulates the phospholipid 
composition. 
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Figure 4.8: Effect of Soraphen A on bending rigidity. Bending rigidity 𝜅 of 
GPMVs derived from cell membranes from a) MDA-MB-231 cells and b) T24 
cells. The boxplots show upper quartile, median, and lower quartile. The 
whisker range is 10-90% and the mean value is indicated by a small square. 
The distributions are different with a significance level of p < 0.05  for a 
Kolmogorov-Smirnov test. Image from (Braig et al., 2015). 
To investigate the influence of Soraphen A on the cytoskeleton, optical stretcher 
measurements were performed which show changes in cell stiffness. For the 
measurements, the cells were pumped in a microfluidic system and serially stopped 
at the focus of a phase contrast microscope, see chapter 3.5. There, a single cell 
deformation experiment was performed for each cell. It is composed of a 1 s trap 
phase with 100 mW laser power, followed by a 2 s stretch phase using 800 mW 
power and another trap phase for 2 s to record relaxation. The creep deformation 
distribution at the end of the stretch phase (t = 2 s) was used as parameter to 
determine if a significant difference between treated and untreated cells exists. 
Figure 4.9a,c shows for MDA-MB-231 an increased cellular stiffness after 
stimulation with Soraphen A. The treatment protocol was the same as for the 
GPMVs: incubation with 1 µM Soraphen A for 2 h before the measurement. For 
analysis, 137 control and 101 stimulated cells were used. 
For T24 cells (185 control, 157 treated), the ACC1 inhibitor did not have a 
significant impact on median creep deformation, see Figure 4.9b, d. The breast 
epithelial cell line MDA-MB-231 was affected by Soraphen A in membrane rigidity 
and in whole cell stiffness. The T24 urinary bladder cell line was only affected in 
membrane rigidity. 
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Figure 4.9: Effect of Soraphen A on creep deformation behaviour. Median 
creep deformation 𝐽 during the optical stretcher measurment for a) MDA-MB-
231 cells and b) T24 cells. The stretch phase was from 0 to 2 s and with a 
power of 800 mW. Bootstrapping was used to determine the 95% confidence 
interval. c) and d) show the creep deformation at the end of the stretch phase 
(Kolmogorov-Smirnov test, *: p < 0.05 , ns: not significant). Image from 
(Braig et al., 2015). 
During the optical stretcher measurements, cells and the microscope stage were kept 
at 23°C. As shown earlier by Kießling et al., the cells are heated by the laser up to 
44°C in the center of the trap (Ebert et al., 2007; Kießling et al., 2013). This may 
induce phase transitions in the membrane and in turn change its bending rigidity. The 
membrane itself has no significant impact on the measured creep deformation of the 
whole cells since the contribution of membrane rigidity to whole cell stiffness is 
negligible (Gilden and Krummel, 2010).  
To investigate the metastatic potential of the cancer cells, the migration and invasion 
behavior was determined via Boyden chamber assays. The cells where plated into 
Matrigel coated inserts for the invasion assays and uncoated insert for the migration 
assay. The cells were treated with Soraphen A for 2 h prior to the plating. A gradient 
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was employed in addition to the normal cell medium. The attractive gradient was 
10% fetal calf serum and 100 ng ml−1 epidermal growth factor in the cell medium. 
 
Figure 4.10: Migration behavior after Soraphen A treatment for a) MDA-MB-
231 and b) T24 cells. Two different concentrations of Soraphen A were applied 
for 2 h and compared to the control. The migration was determined using a 
Boyden chamber assay (* p < 0.05, ** p < 0.01, *** p < 0.001). Image from 
(Braig et al., 2015) 
The migration behavior of both cell lines was very similar, see Figure 4.10. The 
migration was inhibited to a similar extent, in contrast to the deformation differences 
in the optical stretcher. 
 
Figure 4.11: Invasion behavior after Soraphen A treatment for a) MDA-MB-
231 and b) T24 cells. Two different concentrations of Soraphen A were applied 
for 2 h and compared to the control. The invasion was determined using a 
modified Boyden chamber assay (* p < 0.05, ** p < 0.01, *** p < 0.001). 
Image from (Braig et al., 2015) 
The invasion behavior, see Figure 4.11, shows the same tendency. In comparison to 
the control, both cell lines have a decreased number of cells invading the Matrigel of 
the Boyden chambers. 
The impact of Soraphen A on cell death was determined with a propidium iodide 
assay, see Figure 4.12. Both cell lines were exposed to Soraphen A (0.1 µM and 
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1 µM in cell medium) for 24 h. No increase in apoptosis was found for MDA-MB-
231 cells and a slight increase for T24 cells. 
It has been shown that Soraphen A altered the phospholipid composition towards a 
higher chain length and polyunsaturated lipid species, which correlated with a higher 
cell membrane rigidity. The Boyden chamber assays demonstrated a significant 
lower migration and invasion for treated cells. 
 
Figure 4.12: Propidium iodide cell death assay for Soraphen A treated 
epithelial carcinoma cells. a) MDA-MB-231 and b) T24 cells were exposed to 
Soraphen A for 24 h. MDA-MB-231 show no significant increase and T24 
cells a small increase of dead cells compared to the untreated control. Image 
from (Braig et al., 2015) 
The optical stretcher measurements allowed for differentiation between changes of 
only the membrane rigidity and changes of the cytoskeleton and membrane rigidity. 
The mass spectrometry analysis of the lipid composition indicates a change in 
mechanical properties at the molecular level. The level of fatty acids with higher 
chain lengths increased in most of the phospholipids after treatment. This is in 
contrast to a study on human hepatoma hepG2 cells that showed an inhibition of fatty 
acid elongation (Jump et al., 2011). The differing result may be due to the use of a 
different cells line or the use of dimethyl sulfoxide (DMSO) as a vehicle for 
Soraphen A. 
The increase in fatty acid chain length results in higher membrane rigidity due to 
increased van der Waals interactions (Rawicz et al., 2000). Here, the treatment with 
Soraphen A correlates with an up regulation of phospholipids with double bonds. 
The phospholipid content of the whole cell was analyzed. It is assumed that the 
changes in fatty acid biosynthesis are distributed over all cellular membranes, for 
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example due to phospholipid remodeling via lysophospholipid acyltransferases and 
phospholipases A2 (Shimizu, 2009). The data cannot exclude that Soraphen A affects 
only the intracellular membranes and the correlation to the changed migration 
behavior. It has been reported that increased levels of polyunsaturated fatty acids 
hinder dense packing of the fatty acids (Alberts et al., 2014). This would decrease the 
membrane rigidity, which is the opposite of the presented measurements. This study 
therefore indicates that the acyl chain length contribution to membrane rigidity is 
higher than the loss via the denser packing. 
The fluctuation analysis of the GPMVs showed that Soraphen A treated cells had a 
higher membrane rigidity than the untreated control. All measured values of rigidity 
𝜅 (see Figure 4.8) are in the range known from artificial vesicles composed of a few 
pure lipids (Gracià et al., 2010; Yoon et al., 2010). Bending rigidities given in 
literature vary strongly for different compositions. For instance 𝜅 = 1 ∙ 10−19 J for a 
ternary composition of dioleoylphosphatidylcholine, SM, and cholesterol (70:10:20) 
and 𝜅 = 7 ∙ 10−19 J for a binary mixture of SM and Cholesterol (80:20) (Gracià et al., 
2010). The rigidity differences induced by Soraphen A are of the same magnitude as 
the reported effect of cholesterol in artificial vesicles (Gracià et al., 2010; Pan et al., 
2008). The GPMVs used in this study contain a larger number of lipids and peptides 
which should be considered when values are compared with artificial vesicles of only 
two or three different lipids. 
The creep compliance of the MDA-MB-231 cells in the optical stretcher increased 
after stimulation with Soraphen A, while it did not change for T24 cells. This may be 
due to suppressed cellular processes such as endo- and exocytosis. The measurement 
with the T24 cells suggest that increased membrane rigidity alone correlates with 
decreased migration and invasion. This indicates that membrane rigidity has an 
influence on migratory capacity and can be used to hinder cell motility. These 
conclusions are in agreement with the earlier shown correlation of decreased 
membrane rigidity with higher invasive potential for the GPMVs from human patient 
samples, see chapter 5.2.1. The malignant cells contained a higher relative amount of 
phospholipids with shorter fatty acid chain length than the non-malignant samples 
from the same patient, resulting in a lower membrane rigidity for the malignant cells. 
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This indicates that Soraphen A may partially reverse the malignant phenotype by 
increasing the membrane rigidity. 
 
   
  69 
5 CONCLUSION AND 
OUTLOOK 
The presented research in this thesis was focused an on new biomechanical 
parameters that impact the behavior of cells. The first part investigated the impact of 
temperature on single cell theology for a variety of cell types. In the second part, 
membrane rigidity of primary cells and cell lines was used for the first time to 
differentiate between malignant and normal phenotype. 
5.1 Thermorheology 
Metastatic cancer cells become softer against deformations while gaining contractile 
strength (Fritsch et al., 2010). These two opposed mechanical properties cannot 
coincide for passive soft matter and require active elements such as molecular 
motors. Thermorheology on biological cells is a new way to study and change the 
mechanical properties of cells in the optical stretcher (Kießling et al., 2013) 
The temperature-dependent creep response of eight common cell types was measured 
using an optical stretcher to probe the time temperature superposition (TTS) principle 
previously shown in a single cell type. For the first time, the rheology of several cell 
types has been studied and characterized regarding their temperature dependence. 
Temperature variations significantly affected the mechanical parameters of cells.  
The results show that cells can be grouped into three broad categories: 
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 Simple thermorheological behavior obeying TTS using time shift factor aT 
 Complex thermorheological behavior with an additional modulus shift factor 
bT 
 No simple superposition of creep curves possible 
Surprisingly, this showed that TTS does not apply universally and is cell type 
specific. Deformation changes were observed in the range of 10% per degree Kelvin 
for all cell lines, which was consistent with an observed drop in viscosity due to 
heating. The fact that TTS works in half of the cell lines is still remarkable since TTS 
is usually observed in homogenous and simple structurally simple materials. 
TTS was not possible for half of the eight cell lines because of nonlinear temperature 
dependence of intracellular processes and structural relaxation times. The 
comparison of creep curves and scaling factors show a new approach to analyze 
deformation measurements of single cells as a material. Especially the transition 
temperatures of creep behavior may be used to identify changing temperature-
dependent processes. 
This study shows the importance of controlling the temperature during 
biomechanical measurements and that temperature is a vital parameter for comparing 
cell rheology studies. The next step would be the identification of individual 
processes and load bearing structures with regard to their temperature dependence. 
This is far from trivial since it involves cytoskeleton-altering drugs which have a 
very wide range of effects in the cells. 
Possible future experiments would be specific up or down regulation of cytoskeletal 
components, such as actin cortex, microtubules, or keratin filaments, which in turn 
would introduce several new measurement conditions. It should be noted, that this 
would be a simple control, since the various structural components have different 
contributions to the whole cell stiffness for different cell types. Keratin, for instance 
plays a major role in mouse keratinocytes (Seltmann et al., 2013). Trials with 
Latrunculin A, Blebbistatin, and Paclitaxel showed unexpected behavior for 
commonly used concentrations. Blebbistatin for example induced stiffening instead 
of softening, which has been also reported by (Chan et al., 2015). 
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Another possibility would be a bottom up approach using composite polymer 
networks that resemble the cytoskeletal structure and investigating their 
thermorheological behavior. The investigation of thermorheology in cells isolated 
from primary tissue would also be an interesting next step. Primary cells are more 
complex in their structure than cell lines that are adapted to the in vitro environment.  
Active and passive mechanisms involved in mechanical stability respond differently 
to temperature. Thermorheology is a new way to examine equilibrium and non-
equilibrium processes in complex, emergent mechanical materials such as cells. 
Viscosity, entropic elasticity, actin polymerization, and molecular motor activity 
differ in their temperature dependence showing proportional and inversely 
proportional behavior with scaling such as Arrhenius, linear and nonlinear. This 
panel is an important step towards identifying these processes and understanding the 
stability of the highly dynamic cytoskeleton of the cell. 
5.2 Cell Membranes 
Current research on migration modes, such as amoeboid motion, is incorporating 
membrane properties. Here, membrane rigidity was used to investigate the 
biomechanical relation to cellular functions. Cellular stiffness is a known marker for 
the invasive potential of cell (Fritsch et al., 2010). In contrast, membrane rigidity has 
been only used in red blood cells as a marker (Brochard and Lennon, 1975; Yoon et 
al., 2009) but not in other cells even though it is one of the oldest fields in 
biophysics. This is directly related to the problem of separating the cytoskeleton from 
the membrane. 
In this thesis, a newly developed technique was used to measure cell membrane 
rigidity without interference from the cytoskeleton. This was done via extraction of 
cellular blebs (GPMVs). Additionally, the analysis of the lipidome showed 
correlations that help explain the physical changes that modulate membrane rigidity. 
5.2.1 Membrane Softening Occurs in Cancer Cells 
Clinical patient samples showed significant changes between tumor cells and 
nonmalignant cell from the same patient. This work demonstrates the correlation 
between rigidity of cellular membranes and malignancy of cells. A lower rigidity of 
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cell membranes was observed for both malignant human mammary and cervical 
cells. Similar less pronounced results in malignant and non-malignant cell lines 
supported these conclusions. 
One main advantage of the primary tissue samples were that a non-malignant sample 
was often available together with the malignant sample from the same patient. 
Additionally, the data showed that biomechanical differences in membrane rigidity 
were stronger expressed in primary cells. This makes it a valuable model system for 
further tumorigenesis studies that cannot be reproduced with cell lines. 
Mass spectrometry measurements shows several explanations for the lower 
membrane rigidity in malignant cells: 
 A decreased level of sphingomyelin 16:0, increasing fluidity (Zager et al., 
2000) 
 Increased level of phosphatidylcholines with shorter fatty acid chain lengths, 
reducing van der Waals interactions 
In general, malignant cells underwent a composition change towards higher 
proportion of lipids with shorter chain lengths resulting in decreased membrane 
rigidity. This was an additional indication that the contribution of the double bonds 
on the rigidity is less important since this would mean an increased rigidity. 
The reduced rigidity and changed membrane composition may allow the aggressive 
cancer cell to leave their compartments, squeeze through different tissue types, and 
enter the bloodstream. These conclusions indicate the key role of membrane 
mechanics for metastasis and are supported by the results from cancer cell lines 
where the membrane rigidity was changed via Soraphen A. The results may also help 
understand diseases connected to changes in lipid composition and lipid metabolism.  
5.2.2 Soraphen A Hinders Cell Migration and Invasion 
In previous biophysical research, it was assumed that the cytoskeleton dominates the 
mechanical behavior of cells and thus solely impacts cell motility (Pollard, 2003). 
Changes in membrane rigidity have been considered negligible (Gilden and 
Krummel, 2010). Here, a new chemical compound was used to modulate membrane 
rigidity in the same range as the transformation towards cancer cells does. 
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The presented results address how cell membrane composition impacts on its 
mechanics and on whole cell mechanics. Membrane composition was altered with 
Soraphen A, a chemical compound that inhibits ACC1 activity. The mechanics of the 
cell membrane itself were measured via isolating membrane blebs and whole cell 
mechanics were characterized in the optical stretcher. 
In this study, the influence of membrane rigidity on the invasive potential of cancer 
cells was investigated. Soraphen A was found to change the lipidome of cells and 
drastically increase membrane stiffness partially by up regulating short chained 
membrane lipids. Mechanical measurements of intact cells and giant plasma 
membrane vesicles revealed that Soraphen A increases membrane rigidity of 
carcinoma cells, even without changing the deformation behavior of the 
cytoskeleton. Standard Boyden chamber assays showed a decrease of cell invasion 
under membrane restructuring towards higher stiffness, demonstrating the 
importance of membrane rigidity for migration. Using Soraphen A, it was possible to 
correlate these biomechanical features for the first time with migration and invasion 
assays. 
The data from primary patient samples showed that the cell membrane is 
significantly changing its composition in malignant cells. The measurements with 
Soraphen A indicated the key role of membrane rigidity during migration. This is the 
first time that a drug was used to alter migration of cell via a modulation of their 
membrane rigidity. 
The idea to alter chain lengths and saturation represents a new aspect of controlling 
cell function. A possible study could try to induce a malignant phenotype, for 
example by increasing the cholesterol content of the membrane and lowering the 
rigidity.  
To find new drugs with similar abilities as Soraphen A, it is necessary to increase the 
throughput of membrane rigidity measurements. Current membrane targeting drugs, 
for instance, exists as anesthetics (Goldstein, 1984) and for diseases of the vascular 
system, such as hypertension (Prades et al., 2008). 
Beyond that, it may be possible to use an optical stretcher with lower intensities to 
extract the elastic constants of the vesicles. A recent study showed promising results 
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for an 808 nm laser (Delabre et al., 2015), which avoids heating effects in contrast to 
an 1064 nm laser. This would allow for higher throughput measurements and enable 
the optical stretcher as a research tool for membrane rigidity. 
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6 APPENDIX A - CELL 
CULTURE PROTOCOLS 
Reading computer manuals without the hardware is 
as frustrating as reading sex manuals without the 
software 
Arthur C. Clarke, “The Odyssey File”, 1984 
6.1 Primary Cell Culture 
6.1.1 Human Cervical Tissue 
Tissue dissociation protocol for human cervical tissue. Freshly resected samples of 
primary human cervical tumors (referred to as "CX" or "CX-HO") and normal 
cervical tissue (referred to as "CX-N") were obtained from Prof. Lars-Christian Horn 
(Division of Breast, Gynecologic & Perinatal Pathology, University of Leipzig). 
This tissue dissociation protocol is partially based on protocols from (Hilders et al., 
1994; Stern et al., 2003) and the gentleMACS protocol (Miltenyi Biotec) 
Dissociation Solution: 
 DMEM/Ham's F12 (1:1) with L-Glutamine (PAA E15-813) 
 0.25 mg/ml Collagenase IA (Sigma C9722, 50 mg powder) 
 0.25 mg/ml Pronase (Roche 10 165 921 001, 1 g powder) 
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 20 µg/ml DNase I (AppliChem A3778,0010, 10 mg powder) 
 1% Penicillin/Streptomycin/Amphotericin B (100x) (PAA P11-002) yielding 
1x concentration 
Example: 
1. Create a 50 mg/ml collagenase stock solution by dissolving 50 mg 
collagenase in 1 ml ddH2O (Millipore). 
2. Create a 50 mg/ml pronase stock solution by dissolving 50 mg pronase in 1 
ml ddH2O (Millipore). 
3. Create a 10 mg/ml DNase stock solution by dissolving 10 mg DNase in 1 ml 
ddH2O (Millipore). 
4. Fill 20 ml DMEM / Ham's F12 medium into a centrifuge tube and add 100 µl 
of 50 mg/ml collagenase stock solution, add 100 µl of 50 mg/ml pronase 
stock solution and add 40 µl of 10 mg/ml DNase stock solution. 
5. Add 200 µl of a 100x Penicillin/Streptomycin/Amphotericin B solution. 
Cervix adhesion medium: 
 DMEM / Ham’s F12 (1:1) with L-Glutamine (PAA E15-813) 
 10% FCS 
 1% Penicillin/Streptomycin/Amphotericin B (100x) (PAA P11-002) yielding 
1x concentration 
Example: 
Fill 45 ml DMEM / Ham's F12 medium into a centrifuge tube and add 5 ml FCS and 
500 µl of a 100x Penicillin/Streptomycin/Amphotericin B solution. 
Cervix Growth Medium (CGM): 
 Defined Keratinocyte serum-free medium (Gibco 10744) consisting of 500 
ml basal medium (Cat.No. 10785) and 1 ml frozen growth supplement 
(Cat.No. 10784) 
 1% Penicillin/Streptomycin/Amphotericin B (100x) (PAA P11-002) yielding 
1x concentration 
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Example: 
1. Thaw the frozen growth supplement in a 37 °C waterbath. 
2. Transfer the entire vial content into the bottle with Defined Keratinocyte 
basal medium. Rinse vial with medium and add to the bottle. 
3. Gently swirl the bottle to ensure complete mixing. 
Dissociation of cervical tissue into single cell suspension: 
1. Aspirate buffer solution from the tumor sample (8-10 mm) and transfer the 
piece of tissue into a large petri dish. 
2. Use scalpel to cut tumor into smaller pieces of 1-2 mm. 
3. Pipette 1 ml dissociation solution on the tumor pieces and transfer them into 
the gentleMACS C tube (purple lid). 
4. Fill up C tube with 4 ml dissociation solution to 5 ml final volume. 
5. Close C tube but do not overwind. Attach tube upside down onto the sleeve 
of the gentleMACS dissociator. Ensure that the sample material is located in 
the area of the rotor/stator. 
6. Run gentleMACS program h_tumor_01. 
7. Incubate C tube at 37 °C for 40 min. 
8. Run gentleMACS program h_tumor_02. 
9. Incubate C tube at 37 °C for 40 min. 
10. Run gentleMACS program h_tumor_03. 
11. Incubate C tube at 37 °C for 60 min. 
12. Optional: Filter the cell suspension through a 70 µm cell strainer placed on a 
50 ml centrifuge tube to remove tissue remains. Wash cell strainer with 5 ml 
medium. 
13. Transfer cell solution into a standard 15 ml centrifuge tube and centrifuge at 
300 g for 5 minutes (acceleration 7/9). 
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14. Aspirate supernatant very carefully. You may leave miniscus as a precaution. 
(If there are still some undissociated tissue filaments, they get easily sucked 
in the aspiration pipet.) 
15. Resuspend pellet in at least 5 ml cervix adhesion medium 
16. Centrifuge at 40 g for 1 minutes (acceleration 7/9). Put pellet (organoid 
component) into 6-well with 5 ml cervix adhesion medium. 
17. Take supernatant and centrifuge at 100 g for 2 minutes (acceleration 7/9). 
Put pellet (epithelia component) into 6-well with 5 ml cervix adhesion 
medium. 
18. Take supernatant and centrifuge at 200 g for 4 minutes (acceleration 7/9). 
Put pellet (stroma) into 6-well with 5 ml cervix adhesion medium. Discard 
supernatant. 
You may now resuspend the pellet and plate the cells: 
 Incubate at 37 °C overnight (or up to 2 days) until some cells attached. 
 Carefully remove cervix adhesion medium (CAM) with pipettor and add 5 ml 
cervix growth medium (CGM). 
Subculture and Passaging: 
Like most primary cells, human cervical cells are strongly adherent to surface-treated 
plastic, i.e. trypsinization is required for detachment of the cells. We apply 0.025 
%[w/v] Trypsin-EDTA solution for 5-10 minutes (depending on the cell density) 
until the cells detach. In passage #2 to #3, we observe morphological changes of the 
cells, in particular increased size of the epithelial cells. 
6.1.2 Human Mammary Tissue 
Tissue dissociation protocol for human mamma carcinoma. Freshly resected samples 
of primary human mamma carcinomas (referred to as "MCA") and normal cervical 
tissue (referred to as "MCA-N") were obtained from Prof. Lars-Christian Horn 
(Division of Breast, Gynecologic & Perinatal Pathology, University of Leipzig). 
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This tissue dissociation protocol is partially based on protocols from (Pfragner and 
Freshney, 2005) and the gentleMACS protocol (Miltenyi Biotec) 
Reagents: 
 DMEM/Ham’s F12 (Biochrom, FG 4815) 
 DNAse (10 mg/ml stock solution) (AppliChem A3778, 0010) 
 Collagenase P (Roche, 11213857001) (prepare appropriate amount of stock 
solution with a concentration of 16mg/ml) 
 Cell adhesion medium (DMEM/Ham’s F12 + 10% FCS + Pen/Strep/Myc) 
(Sigma-Aldich, A5955 for Antibiotic-Antimycotic Solution) 
 HuMEC medium (Life Technologies, 12752-010) 
Materials: 
 Scalpel 
 Serological pipettes 
 Miltenyi tubes for cell isolation (violet lid) (Miltenyi Biotec) 
 15ml centrifuge tubes 
 25cm² cell culture flasks or 6-well plate 
Protocol: 
1. Cut tissue into small pieces of about 1 mm thickness 
2. Prepare Miltenyi tubes (one for max. 0.5 g tissue material): 
3. Put 4.5 ml DMEM/Ham’s F12 into each tube 
4. Add 0.5 ml collagenase P stock solution (final concentration: 1.6 mg/ml) 
5. Add 10µl DNAse stock solution (final concentration: 20 µg/ml) 
6. Put dissected tissue into tube(s) 
7. Run program m_imp tumor4 on Miltenyi GentleMacs 
8. Incubate for 30min at 37°C, use rotating thing while incubating (might 
shorten time) 
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9. Run m_imp tumor3 
10. Incubate for 30min at 37°C, use rotating thing while incubating (might 
shorten time) 
11. Run m_imptumor2 
12. Eventually repeat the last two steps till tissue is dissociated 
13. Put each 5 ml solution into 15 ml centrifuge tube 
14. Add 8 ml PBS 
15. Centrifuge at 40 g for 1min 
16. Put supernatant into centrifuge tube, centrifuge again at 200 g for 2 min 
(changed from 300 g for 10 min) 
17. Resuspend pellets with 5 ml cell adhesion medium each and put into culture 
flask 
18. Exchange cell adhesion medium after 24 h with HuMEC medium 
6.1.3 Transport Buffer 
After resection, tissue sample should be stored in the following solution at 4-8 °C 
until processing: 
 PBS (without Ca2+ and Mg2+) 
 1% Penicillin/Streptomycin/Amphotericin B (100x) (PAA, Cat.No.P11-002) 
yielding 1x concentration (i.e. 100 U/ml penicillin) 
6.2 Cell Lines 
6.2.1 BALB/3T3 
The BALB/3T3 clone A31 is one of several cell lines (see ATCC CCL-164, 
BALB/3T12) developed by S.A. Aaronson and G.T. Todaro in 1968 from 
disaggregated 14- to 17-day-old BALB/c mouse embryos. The cells are extremely 
sensitive to contact inhibition of cell division, grow at a high dilution, exhibit a low 
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saturation density and are highly susceptible to transformation in tissue culture by the 
oncogenic DNA virus SV40 and murine sarcoma virus. 
Culture medium composition: 
 90% DMEM (ATCC 30-2002 with 4 mM L-glutamine, 4.5 g/l glucose, 1 mM 
sodium pyruvate and 1.5 g/l sodium bicarbonate; or Sigma D-6429 with 4.5 
g/l glucose, L-glutamine, sodium pyruvate and sodium bicarbonate). 
 10% Calf Serum CS (Do NOT confuse with Fetal Calf Serum FCS or FBS! 
The depositor recommended CS because FCS causes transformation and loss 
of contact inhibition.) 
 100 U/ml Penicillin/Streptomycin PS, (Sigma P0781, 10000 U/ml) 
 1% 1M HEPES (Sigma H4034), yielding a 10mM concentration 
Example: 
 Filter 450 ml DMEM base medium and 5 ml HEPES into a 500 ml sterile 
bottle using a 0.22 μm filter. 
 Add 50 ml CS and 5 ml PS. 
Subculture, Passaging and Cryopreservation: 
Subculture at least twice per week at 80% confluence or less. Medium renewal: 
Twice per week. BALB/3T3 cells are strongly adherent to surface-treated plastic, i.e. 
trypsinization is required for detachment of the cells. 00.25 % [w/v] Trypsin- 0.53 
mM EDTA solution was applied for approximately 5-15 minutes until the cells 
detach. 
BALB/3T3 are frozen in complete growth medium supplemented with 5 % [v/v] 
DMSO. 
6.2.2 CHO-K1 cell line 
The CHO-K1 cell line was derived as a sub clone from the parental CHO cell line 
initiated from a biopsy of an ovary of an adult Chinese hamster by T. T. Puck in 
1957. 
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Culture medium composition: 
Culture medium composition corresponds to the information of ATCC. Base 
medium: ATCC-formulated F-12K Medium (Catalog No. 30-2004). Growth 
medium: Add fetal bovine serum to a final concentration of 10%. 
Subculture, Passaging and Cryopreservation: 
CHO-K1 cells are strongly adherent to surface-treated plastic, i.e. trypsinization is 
required for detachment of the cells. 00.25 % (w/v) Trypsin- 0.53 mM EDTA 
solution was applied for approximately 5-15 minutes until the cells detach. 
CHO-K1cells are frozen in complete growth medium supplemented with 5% DMSO. 
6.2.3 MCF-7 cell line 
The MCF-7 cell line (ATCC Cat. No. HTB-22) is a cancerous epithelial cell line 
originally derived from adenocarcinoma in mammary gland of a 69 year old 
Caucasian woman. MCF-7 retains several characteristics of differentiated mammary 
epithelium including ability to process estradiol via cytoplasmic estrogen receptors 
and the capability of forming domes. Growth of MCF7 cells is inhibited by tumor 
necrosis factor alpha (TNF alpha). 
Culture medium composition: 
 88% Eagle's Minimal Essential Medium (PAA E15-825 with L-Glutamine) 
supplemented with 10 µg/ml Insulin (Sigma-Aldrich, I6634) and 1 mM = 110 
µg/ml Sodium Pyruvate (Sigma-Aldrich, P5280) 
 10% Fetal Calf/Bovine Serum (PAA A15-151) FCS/FBS 
 1% Non Essential Amino Acids (PAA M11-003) NEAA 
 1% Penicillin/Streptomycin 100x (Sigma P0781 or PAA P11-010, 10000 
U/ml PS, yielding 1x concentration or 100 U/ml 
Materials: 
 500 ml EMEM (500 ml-bottle in left fridge, room 321) 
 50 ml FCS/FBS (50 ml-centrifuge tube in freezer, room 116) 
 5 ml NEAA (in fridge, room 116) 
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 5 ml PS 100x (15 ml-centrifuge tube in freezer, room 116) 
 550 µl of 100 mg/ml Sodium Pyruvate stock solution (large fridge, room 310) 
 two 1.25 ml-aliquots with 2 mg/ml Insulin in diluted acetic or hydrochloric 
acid, pH 2-3 (microcentrifuge tube in neon yellow box in center drawer in 
right freezer, room 321) or 0.5 ml of 10 mg/ml Insulin solution (Sigma I9278, 
vial in fridge, room 116), or 1 ml of 5 mg/ml Insulin solution from BioChrom 
(left freezer 321, or freezer in the cell culture 116). 
 lab balance, spatula and vortexer 
 50 ml-centrifuge tube 
 25 ml- and 5 ml-serological pipette 
 1000 µl-micropipettor with pipette tips 
 0.22 µm bottle-top filter 
 autoclaved 500 ml-glass bottle 
Method: 
1. Preparation of 100 mg/ml Sodium Pyruvate stock solution: Use the lab 
balance to weigh at least 55 mg of powdery Sodium Pyruvate and fill into a 
50 ml-centrifuge tube. Record the exact weight and fill up the tube with the 
appropriate amount of Millipore water (for example 58.5 mg with 585 µl 
ddH2O). Vortex to dissolve the Sodium Pyruvate. Optional: Under a laminar 
flow hood, filter the stock solution sterile into a 15 ml-centrifuge tube using a 
10 ml-syringe with 0.2 µm filter. 
2. Thaw frozen FCS, insulin aliquots and PS. 
3. Open 500 ml-EMEM-bottle and add two 1.25 ml-aliquots of insulin and 550 
µl Sodium Pyruvate stock solution using the 1000 µl-micropipettor. 
4. Remove 60 ml medium from 500 ml-EMEM-bottle using a 25 ml-serological 
pipette (since only 440 ml EMEM are needed). 
5. Add 5 ml NEAA to the remaining medium. 
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6. Put bottle-top filter on the sterile 500 ml-glass bottle and connect suction 
hose. 
7. Filter the medium mixture through the bottle-top filter into the 500 ml-glass 
bottle. 
8. Add 50 ml FCS/FBS and 5 ml PS 100x into the 500 ml-glass bottle. 
9. Label bottle ("MCF-7 Medium", date, initials) and store in fridge. 
Subculture, Passaging, Cryopreservation 
MCF-7 cells are strongly adherent to surface-treated plastic, i.e. trypsinization is 
required for detachment of the cells. ATCC recommends 0.25 % [w/v] Trypsin-
EDTA solution. However, in our lab, we apply 0.025 % [w/v] Trypsin-EDTA 
solution for approximately 3-5 minutes until the cells detach. 
MCF-7 cells are frozen in complete growth medium supplemented with 5% [v/v] 
DMSO. 
 
6.2.4 MCF-10A cell line 
The MCF 10A cell line (ATCC, Cat. No. CRL-10317) is a non-tumorigenic 
epithelial cell line. It was derived from mammary gland of a 36 year old Caucasian 
woman with fibrocystic disease. 
Culture medium composition: 
 95% 1:1 mixture of DMEM and Ham's F12 medium (PAA E15-813 with L-
Glutamine) 
 5% Horse Serum HS (PAA A15-151) 
 20 ng/ml Epidermal Growth Factor (EGF) 
 10 µg/ml Insulin (Sigma-Aldrich, I6634 or I9278) 
 100 ng/ml Cholera Toxin (Sigma-Alrich, C8052) 
 500 ng/ml Hydrocortisone (Sigma-Aldrich H0888) 
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 optional: 1% 10000 U/ml Penicillin/Streptomycin PS (Sigma P0781 or PAA 
P11-010, 10000 U/ml) yielding 100 U/ml 
 optional: 10 mM HEPES (Sigma H4034) 
Materials (for 500 ml medium): 
 475 ml DMEM/F12 
 25 ml HS 
 100 µl-aliquot with 100 µg/ml EGF 
 two 1.25 ml-aliquots with 2 mg/ml Insulin (Sigma I6634) in diluted acetic or 
hydrochloric acid, pH 2--3 or 0.5 ml of 10 mg/ml Insulin solution (Sigma 
I9278), or 1 ml of 5 mg/ml Insulin solution from BioChrom  
 500 µl of 100 µg/ml Cholera Toxin stock solution or 50 µl of 1 g/l stock 
solution 
 250 µl of 1 g/l Hydrocortisone stock solution 
 5 ml PS 100x (15 ml-centrifuge tube in freezer, room 116) 
 optional: 5 ml of 1 M HEPES stock solution (50 ml-centrifuge tube in fridge, 
room 116) 
 25 ml- and 5 ml-serological pipette 
 1000 µl- and 100 µl-micropipettor with pipette tips 
 0.22 µm bottle-top filter 
 autoclaved 500 ml-glass bottle 
Method: 
10. Thaw frozen HS, EGF aliquot, insulin aliquots and (optional) PS. 
11. Remove 25 ml medium from 500 ml-DMEM/F12-bottle using a 25 ml-
serological pipette (since only 475 ml DMEM/F12 are needed). 
12. Add two 1.25 ml-aliquots of insulin (Sigma I6634) or add 0.5 ml of 10 mg/ml 
Insulin solution (Sigma I9278) using 1000 µl-micropipette. 
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13. Add either 500 µl of 100 µg/ml Cholera toxin stock solution or 50 µl of 1 g/l 
stock solution using a 1000 µl- or 100 µl-micropipette. 
14. Add 250 µl of 1 g/l Hydrocortisone stock solution using 1000 µl-
micropipette. 
15. Optional: Add 5 ml of 1 M HEPES stock solution using a 5 ml-serological 
pipette. 
16. Put bottle-top filter on the sterile 500 ml-glass bottle and connect suction 
hose. 
17. Filter the medium mixture through the bottle-top filter into the 500 ml-glass 
bottle. 
18. Remove bottle-top filter and dispose. 
19. Add one 100 µl-aliquot of EGF using 100 µl-micropipette. 
20. Add 25 ml HS and (optional) 5 ml PS 100x into the 500 ml-glass bottle. 
21. Label bottle ("MCF-10A Medium", date, initials) and store in fridge. 
Subculture, Passaging, Cryopreservation 
MCF-10A cells are strongly adherent to surface-treated plastic, i.e. trypsinization is 
required for detachment of the cells. ATCC recommends 0.05 %[w/v] Trypsin-
EDTA solution. However, in our lab, we apply 0.025 %[w/v] Trypsin-EDTA 
solution for 15-25 minutes (depending on the cell density) until the cells detach. 
MCF-10A cells are frozen in complete growth medium supplemented with 7.5% 
(v/v) DMSO. 
6.2.5 MDA-MB-231 cell line 
MDA-MB-231 (ATCC, Cat. No. HTB-26) is a tumorigenic epithelial cell line 
derived from the metastatic site (pleural effusion) in the mammary gland of a 51 
years old Caucasian woman with adenocarcinoma. 
Culture medium composition: 
 90% DMEM (PAA E15-810 with 4500 mg/l glucose, L-glutamine, without 
sodium pyruvate). 
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 10% Fetal Calf Serum FCS (PAA A15-151) 
 1% 10000 U/ml penicillin/streptomycin PS (PAA P11-010 10000 U/ml 
penicillin, 10 mg/ml streptomycin) yielding 100 U/ml 
Example: 
 Remove 50 ml from a 500 ml DMEM bottle and discard. 
 Add 50 ml FCS and 5 ml PS to the remaining 450 ml DMEM. 
Subculture, Passaging, Cryopreservation 
MDA-MB-231 cells are strongly adherent to surface-treated plastic, i.e. 
trypsinization is required for detachment of the cells. ATCC recommends detaching 
the cells by scraping. However, in our lab, we apply 0.025% [w/v] Trypsin-EDTA 
solution for approximately 2-4 minutes until the cells detach. 
MDA-MB-231 cells are frozen in complete growth medium supplemented with 
5% [v/v] DMSO. 
6.2.6 MDA-MB-436 cell line 
MDA-MB-436 (ATCC, Cat. No. HTB-130) is a tumorigenic epithelial cell line 
derived from the metastatic site (pleural effusion) in the mammary gland of a 43 
years old Caucasian woman with adenocarcinoma. 
Culture medium composition: 
 90% DMEM (PAA E15-810 with 4500 mg/l glucose, L-glutamine, without 
sodium pyruvate). 
 10% Fetal Calf Serum FCS (PAA A15-151) 
 1% 10000 U/ml penicillin/streptomycin PS (PAA P11-010 10000 U/ml 
penicillin, 10 mg/ml streptomycin) yielding 100 U/ml 
Example: 
 Remove 50 ml from a 500 ml DMEM bottle and discard. 
 Add 50 ml FCS and 5 ml PS to the remaining 450 ml DMEM. 
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Subculture, Passaging and Cryopreservation 
MDA-MB-436 cells are strongly adherent to surface-treated plastic, i.e. 
trypsinization is required for detachment of the cells. ATCC recommends detaching 
the cells by scraping. However, in our lab, we apply 0.025% [w/v] Trypsin-EDTA 
solution for approximately 2-4 minutes until the cells detach. 
MDA-MB-436 cells are frozen in complete growth medium supplemented with 
5% [v/v] DMSO. 
6.2.7 Mouse Keratinocytes 
Mouse Keratinocytes were derived from strain C57Bl6 on 3T3J2 feeders and 
spontaneously immortalized. Keratinocytes are highly adherent, which grow 
optimally on collagen-I coated dishes. To maintain their proliferative potential, Ca 
2+ in the serum must be depleted to 50µM. Avoid low density as they require cell-
cell contact. Also, avoid prolonged time in suspension; loss of cell-matrix contact 
induces anoikis. Typical split ratio is 1:2, not more than 1:3! Cells are grown at 32 ◦ 
C. We use cell culture plastic from TPP (also possible), cell culture grade water and 
high quality serum (PAA-Gold). 
Culture medium composition: 
Keratinocytes are routinely cultured in the presence of 10 % Chelex-treated serum. 
 DMEM/Ham’s F12 low Calcium (50µM) Biochrom F-9092 (US sales 
Cedarlane 
 Laboratoires USA) 
 50 FCS (Chelex-treated !), PAA A15-151 (500ml) 
 5 ml Glutamax (100x), Invitrogen 35050-038 (500ml) 
 5 ml Pyruvate (100x), PAA S11-003 (100ml) 
 2.5 ml Pennicillin/Streptomycin, Invitrogen 15140-122 (100mg) 
 2 ml Adenin (250x), Sigma A8626-5G (5g) 
 500µl EGF (1000x), Invitrogen 53003-018 (100µg) 
 500µl Insulin (1000x), Sigma-Aldrich I-9278 (5ml) 
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 250µl Hydroxycortison (2000x), Sigma-Aldrich H4001-1G (1g) 
 5µl Choleratoxin (10-5M), Sigma C-8052 (1mg) 
Example: 
 45 mM Adenin in 0.05 NHCl (stock). Add 2m stock solution to 460 ml to 
DMEM/Ham’s F12 to a final concentration of 0.18 mM. 
 1 mg/ml Hydrocortison in EtOH (stock). Add 250µstock solution to 460 ml 
DMEM/Ham’s F12 to a final conentration of 0.5µg/ml 
 Insulin 10 mg/ml (stock). Add 0.25 ml stock solution to 460ml media to a 
final concentration 5µg/ml 
 10µg/ml EGF in FAD Media (stock). Add 0.5 ml stock/ solution to 460ml 
media to a final concentration 10 ng/ml 
 10-5M Cholera toxin: 1 mg/1,18 ml sterile water (stock). Add 5µl stock to 
500ml media to a final concentration 10-10 M 
 200mM Glutamax (stock). Add 5 ml stock/ 500ml media to a final 
concentration of 2 mM 
 Add 2.5 ml Pennicillin/Streptomycin 
 Add 5 ml Pyruvate 
Subculture, Passaging and Cryopreservation 
Passage cells only when they are confluent (approx. 4-5 mill. cells on 10 cm dish). 
Typical split is 1:2, therefore coat 2 plates for each plate to be trypsinized (every 4-5 
days). Aspirate media and wash cells with PBS (Ca 2+ and Mg 2+ -free). Add 2 ml 
of trypsin solution per 6 cm dish (3 for 10 cm dish) (0.025 % trypsin / 0.02 % EDTA 
in PBS). Incubate cells for 7-8 min at 37° C until cells detach. Check detachment of 
cells by microscopy. Add same amount of fresh media and pipette the cells up and 
down several times to neutralize the trypsin/EDTA. Pellet the cells by low speed 
centrifugation (1000 rpm for 4 minutes, at room temperature), aspirate media, 
resuspend cells in 10 ml of fresh media and replate them into 2 dishes. Add media up 
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to 6 ml on 6 cm and 10 ml on 10 cm dish. Cells should not be seeded lower than 
30.000 cells per cm². 
Cryopreserve keratinocytes at 2x106 cells per vial. Trypsinize cells as described, spin 
down as above and resuspend 2x106 cells in freeze solution (90 % FCS Gold (Chelex 
treated) and 10 % DMSO). To freeze, fill the cells into a cryotube and transfer it in a 
Nalgene freezing box immediately. Add 250 ml isopropanol in Nalgene freezing 
container. 
6.2.8 SV-T2 cell line 
SV-T2 cell line is derived from BALB/3T3 clone A31 by SV40 (Simian virus 40) 
virus transformation. It is tumorigenic in contrast to BALB/3T3 clone A31. 
Culture medium composition: 
 90% DMEM (ATCC 30-2002 with 4 mM L-glutamine, 4.5 g/l glucose, 1 mM 
sodium pyruvate and 1.5 g/l sodium bicarbonate; or Sigma D-6429 with 4.5 
g/l glucose, L-glutamine, sodium pyruvate and sodium bicarbonate). 
 10% Calf Serum CS (Do NOT confuse with Fetal Calf Serum FCS or FBS! 
The depositor recommended CS because FCS causes transformation and loss 
of contact inhibition.) 
 100 U/ml Penicillin/Streptomycin PS, (Sigma P0781, 10000 U/ml) 
 1% 1M HEPES (Sigma H4034), yielding a 10mM concentration 
Example: 
 Filter 450 ml DMEM base medium and 5 ml HEPES into a 500 ml sterile 
bottle using a 0.22 μm filter. 
 Add 50 ml CS and 5 ml PS. 
Subculture, Passaging and Cryopreservation: 
Subculture at least twice per week at 80% confluence or less. Medium renewal: 
Twice per week. SV-T2 cells are strongly adherent to surface-treated plastic, i.e. 
trypsinization is required for detachment of the cells. 00.25 % [w/v] Trypsin- 0.53 
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mM EDTA solution was applied for approximately 5-15 minutes until the cells 
detach. 
SV-T2 cells are frozen in complete growth medium supplemented with 5 % [v/v] 
DMSO. 
6.2.9 T24 cell line 
T24 cell lines are human bladder carcinoma cells. It was kindly provided by Barbara 
Mayer (Department of Surgery, University of Munich, Germany) and recently 
authenticated by the DSMZ (Braunschweig, Germany). 
T24 cells were maintained in McCoy`s 5A medium (PAA) supplemented with 10% 
fetal calf serum (FCS), 2 mM L-glutamine and 1% penicillin/streptomycin (P/S). 
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7 APPENDIX B – 
SUPPLEMENTARY MATERIAL 
7.1 Thermorheology Scaling Factors 
Following tables contain employed scaling factors aT and bT for each cell line. 
Table 2: Scaling factors for MCF-10A 
Pstretch Teff aT ± error aT bT 
1.32 W 44 °C 0.3714 0.06 1 
1.16 W 40 °C 0.6505 0.09 1 
1.00 W 36 °C 1.0 0.12 1 
0.84 W 32 °C 1.7634 0.38 1 
0.68 W 28 °C 3.4272 0.97 1 
 
Table 3: Scaling factors for Balb/3T3. 
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Pstretch Teff aT ± error aT bT 
1.32 W 44 °C 0.5150 0.10 1 
1.16 W 40 °C 0.6590 0.14 1 
1.00 W 36 °C 1.0 0.13 1 
0.84 W 32 °C 1.7061 0.43 1 
0.68 W 28 °C 3.4070 1.02 1 
 
Table 4: Scaling factors for MCF-7. 
Pstretch Teff aT 
± error 
aT 
bT ± error bT 
1.32 W 44 °C 0.2321 0.05 0.6923 0.09 
1.16 W 40 °C 0.4602 0.06 1 0.00 
1.00 W 36 °C 1.0 0.15 1 0.00 
0.84 W 32 °C 2.5842 0.69 1 0.00 
0.68 W 28 °C 4.5378 1.44 1 0.00 
 
Table 5: Scaling factors for Mouse Keratinocytes. 
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Pstretch Teff aT 
± error 
aT 
bT ± error bT 
1.32 W 44 °C 0.1848 0.05 0.6367 0.08 
1.16 W 40 °C 0.3622 0.07 0.7338 0.04 
1.00 W 36 °C 1.0 0.22 1 0.11 
0.84 W 32 °C 2.7436 0.87 1.0877 0.25 
0.68 W 28 °C 4.8236 1.93 1.2210 0.35 
 
Table 6: Scaling factors for CHO-K1. 
Pstretch Teff aT bT 
1.32 W 44 °C 0.5356 1 
1.16 W 40 °C 0.7170 1 
1.00 W 36 °C 1.0 1 
0.84 W 32 °C 1.5302 1 
0.68 W 28 °C 2.1767 1 
 
Table 7: Scaling factors for MDA-MB-436. 
Pstretch Teff aT bT 
1.32 W 44 °C 0.4425 1 
1.16 W 40 °C 0.5679 1 
1.00 W 36 °C 1.0 1 
0.84 W 32 °C 1.3050 1 
0.68 W 28 °C 2.4559 1 
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Table 8: Scaling factors for MDA-MB-231. 
Pstretch Teff aT bT 
1.32 W 44 °C 0.5940 1 
1.16 W 40 °C 0.8616 1 
1.00 W 36 °C 1.0 1 
0.84 W 32 °C 1.3466 1 
0.68 W 28 °C 2.3971 1 
 
Table 9: Scaling factors for SV-T2. 
Pstretch Teff aT bT 
1.32 W 44 °C 0.4210 1 
1.16 W 40 °C 0.5206 1 
1.00 W 36 °C 1.0 1 
0.84 W 32 °C 1.6007 1 
0.68 W 28 °C 2.9824 1 
7.2 Wave Vector Plots for Bending Dominated Regime 
Figure 7.1 shows the fits for 〈|𝑉(𝑞)|2〉 ∼ 𝑞_x−3  of the modes 7 ≤ 𝑞 < 16.  
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Figure 7.1: Mean-square amplitude over wave vector 𝑞x. The fit shows that the 
modes are from the bending dominated regime. GPMVs from a) untreated MDA-
MB-231 cells and b) from cells treated with 1 µM Soraphen A. GPMVs from c) 
untreated T24 cells and d) from T24 cells treated with 1 µM Soraphen A. Each plot 
shows a single representative vesicle. 
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